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PREPACF, 


• This volinuo — the firsi of Ji two- volume work on the suliject 

’cf IwternMl-(;om))ustioii Engines — (l(*al.s more pnititmlarly with whut 

nnay be dose lilted^ as tin' dow-speed type of internal-combustion 

ejjgine. Unlike the high-fipeed engine which, under the stimulus 

of the. Great A\'ar, has developed by leaps and bounds, the slow- 

S])e(‘d typo has undergone comparatively little change, so that 

although till' material of “this yoluine was prepared before the Wai-, 

and includes the descri])tiou of sjkcitic examples of slow-sp('ed 

•'•"•-.nos some of whi(‘h arc no* longer being produced, the general 

Statements and descriptions hold good to-day. No doi.bt the great 

advance which has been inadr- in both the theoretical and mechanical 

» 

development of the high-speed engine will influence the design cf 
the slow-s])('ed type in the future, but as yet this influence has not 
become apparemt to any,a])p.'eeiab]e extent. 

The .\utho]’ hope's shoi’tly to be able to complete the second 
volume, dealing with high-.speed engines, and embodying as far as 
possible the results of recent re.search and development. • 

In eonelnsion, the Authoi* would like to express hiS^ great 
indebicdness to the late Professor Bci’tram Hopkinson for having, 
by his inspiring teaching, awakened and fostered in him a keen 
interest in the internal-eombustion engine in all its phases. His 
thanks are due also to Sir Dugald Clerk for his persistent encourage- 
ment and sound advice; to 'his friend and colleague Mr. H. A. 
Hetheringion for mtich valuable assistance; to -Mr. Alaii^E. L. 
ChoiitOn foi* his I’eady help*" amPlast, lAit not h'ast, tc all those 
manufacturers who have so fi'ciely add liberally suppfied him \<'ith 
matfij'iar for descriptions, together with drawings and photographs 
ofmict^^al engines." 


H. K. R 
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dJso that the temperature of the air before compression 

were 519° F. absolute, then, after being sirddenly compressed to 

one-l^ird of its original volume, the final temperature of the air 

will b' " 

Ti = T X 

or Ti <3= 519 X 

.= 519 X 


Now, log 3“^ = log 3 X 0'4 -= ©•477 x 0'4 «' 

= .0T908 = log T55, 

Ti = 519 X 1-55 

= 804'5“F. absolute ^ 

= 804‘5 — 459, or 345'5° F. on the ordinary 
Fahrenheit scale. 


r 


p2 - 450 
T2-*'I76*' 


Conversely, if air au an alisoli'^te lemue'^ature of 804 ’S'" F., and 
absclute ]»ressure of 68*5 lb. per square inch, be suddenly 

expanded to three times its volume, 
the final temperature will be 519*^ F. 
absolute, and^ the final pressure 14*7 
db. per squaie inch absolute. 

In the cylinder of an internal-com- 
bustion engine the compression and 
ex 2 )ansion of the working fluid is so 
rapid, that the pressuie-volume relation 
is much more nearly adiabatic than 
isothermal. 

J 

P,«I40 
T, - 988® 




VP-l4-7ahs 

T-5i9®abs 


rig. 3 


Indicator Diagram of Constant -volume or E^^plosioii 
Engine. — Fig. 3 represents an ideal indicator diagram for a four- 
cycle engine* of the explosion tyjje, that is, of the tvpe in which 
both fuel and air are present in the cylinder during the compression 
stroke, and in which combustion takes place while the piston is 
passiiig its inner dead centre. It might equally well apply to a 
twcy-(^le^. engine of, the same type, if t!he last per cent of tKb 
strops Jbe neglected, for the luermal couditior.s are a^linost identical j 
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■ in both cases. Referring to fig. 3, the horizontal line 6 c represents 
the travel or stroke of 'che piston, and the distance a h the clearance 
or compression space into which the air is compressed, or, in other 
words, IS equal to the (Jistance between the piston and the cvlinder 
cover when 1<he former is at its inner dead centre. It is assamed in 
this case that the compression space repi’esents 20 pcr‘cent of the 
total volume, p.e. that the d^tance ah is one-fifth of the total 
distance ac, w'hich is a vC'y common proportion for small engines 
using rich fuels, such as illurahiating gas or petrol vapour. The* 
vertical line a g denotes the pressure in pounds per square inch. 

' \Jommencing with the piston at the point c, we will suppose that< 
the cylinder is completely filled with a perfect and homogeneous 
mixture of gas and air at atmospheric pressure and temperatifre. ' 
The atmospheric pressure may be tsiken as j.4'7 lb. per square inch 
absolute, and the temp-nature at 60° F. or 519" absolute. As 
the piston travels from c to h tlj(* gas is compross(>d adiabatijsaMy, 
both pressure and temperature rising until the ]>oint d is reached^ 
when the working iluid has been compressed into a spae-e 20 per 
cinit of its original volume. Let V represent the total volume and 
V, the compression space or \olume when the piston is at h, also 
Jet 1*, P,, Pa, Ps, and T, T,, To, Tg represent the pressures and 
temperatures respectively at the points c, d, e, J\ At*the point 
r, P = 14’7 lb. per sejuare inch absolute and T = 519" P. 
abst)lute. The 2 >ressiire Pj at the point <l is gi'’en by the e<juation 

I‘i = P ■ Resolving the ecjn-ition, P, = 147 = 140 lb. 


j)er •s(]uare iudi absolute, or 125’3 lb. 2)er square inch above 
atmos 2 >her<‘. ^ 

It is next re<juired to find the tempcraturi! at the point d, which^ 


is given by the e<juatiou 


T, 



Now T = 5lP° absolute 


and = 5. Thei.ifore T, = 519 x 5®'^ whence 'Pj = 988" 

absolute >or, 529° F. Having noAV arrived at the tenqx'rature and. 
pressiire at the jaaiit d at the end of the com 2 )ressiou stroke 
immediately, ’before ignition, it remains to find the tem 2 )erature 
and jji-essure nit the f)onit.s e and c being the point wJie.re com- 
bustion is complete,, but before tho. piston hr... .started on its outwaM 
stroke, and f the ))oint at which the heated gases liave ex])antled to 
their Original volcme. At thi.s point the exl>-iu,st valves or ports 
are oijened an<j* the jjroducts of .'combu.s’tion released. The te>mp(!ra- 
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ture, and therefore the pressure, at the point e will depend upon 
the quantity and the heating A'^alue of the gas mixed with the air, 
th(^ richer the mixture the higher the temperature and pressure,- 
until point is reached when the proportion of air present in the 
cylinder is insuijicient to combine Avith the whole of-^tAe gas. In 
practice the strongest mixtures ‘ are not necessarily employed, 
,a slight excess of air being often.foi’n'd de’sivable; with an average 
^Strong mixture of gas and air the prtssure at the point c will 
rise to about 45(i lb. per square onch, the temperature in this 
case being 



450 ^ T, 

Ub 988’ ' 

whence = ^5170" F. absolute. 

Filially the air ami gas^ n<iw cxpaiul adiabatically to the point /; 
the tem^ieraturc 'J'a lut f may be found from the equation 

T, = T, - 

3176 
1 •904 

= . 1668" F. absolute. 


The absolute, pressure e-orrespomliiig to this tempervture is 47'2 lb, 
per s(piare inch. 

It should be carefully observed that the efficimey, tempera- 
tures, and pre.ssure we have so far calculated are ideal ones. Thii 
ideal conditions under wdiich the exchanges of mechanical work and 
heat take place should be carefully noticed. 

Influence of Compression on kfficiency. — The next 
point to be investigated is the thermal efficiency rhat may be 
expected from such an engine. The term efficiency is often very 
loo.“'4y a .2 plied, but throughout this book it may be taken co mean 
the ratio between the total heat cl«^counted for as useful wo’-k done 
on the piston and the total lu*at supplied to the engine, unless 
e.xpre.ss,by stated otherwise. ' - 

];‘rtS aliejidy hem sho’.n that if 5i represents t)’e total* amount 
of iieut supplied to the engine at e.ycle, and H, the amount of 
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heat discharged by the engine after doing useful work, then the 
efficiency of the engine is giv^en by the formula 


E 


H - H, 
H ■ 


The heat is sujjplied iij this case »t constant volume 

. H =‘-K„(T, -T,). 

s 

The heat is discharged also at.conc,tu,nt volume, and is equal- to 

H = K. (T, T). 


The efficiei.cy (E) is therefore 

p _ k41\ - T,) - K,’(T, - T) 

K,.(Te-Tx) 

E = 1 - 

To - Tx 


1 (W) 8 -_5J 9 
017(5 - !)88 


= 1 — 0‘515 approximately 

= 0’475, or, as it is generally c'xpressed, 4 '^•5 percent. 


Since 4he, heat is both supplied and dischaiged at constant 
volume, and since both the comiire-ssion and expansion are adia-<- 
batic, it follows that the efficiency is dejiendent solely upon tin* 
ratio of compression, and is independent of either the, maximum 
or tli/i initial temperature of the gases. When once* the ratio, ob 
the (ilearance volume to tlu* total volume is known, the theoretical 
efficiency can be ari-ived at from the simple foiinula 'c 


E = 




This is generally known as the air standard efficiency. 

Efficiency of Dfesel or Constant - pressure Type 

Engine.— Taking ue‘xt engines of the second type, in which air 
alone i.s compressed in the cylinder and the fuel is admitted during 
the exp&n.sion^ stroke. In this -;a.se fuel is inject(‘,d at such a rate 
that the pressure remains^iion.stant, due to the heating of the air, by 
the combustion of the fuel, during the fii'st., part of th»' expansion 
.stroke. At ascertain point in the stioke, the .supply o.f,f»c] is 
cut off,' and expansion proceeds untii\ th(‘ .end of tluo, stroke, 
Eig.s. 4, .’), and 6 are* ideal diag'-ams for such an engine, an.i are 
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equally applicable to engines operating on either the four- or two- 
stroke cycle. For reasons which will be explained later, it is 
po.^^t)le to use a very much higljer compression pressure with 
enginSl^of this type, and, for purpose of comparison, the cogjpression 
ratio in this case,has been taken as *12 : 1. Starting witfi the piston 
at the point c, it is assumed thaf the cylinder is filled with pure 
dry air at an absolute pressure (1?) •f*14'/ K). per square inch and 
,a.t ‘au absolute temperature (T) of ^519“’' F. As the piston travels 
from "c to d the aij: will be com^i^ssed, until at the point d the 
prt?ssure will be 


P. . 147 X (f)“ 


= 14-7 X 32-4 

^ = 47i> lb. pei^ .square inch absolute, 

an'd^ the temper&turc T, at the |)(5int d may be found from the 
equation * 

. Tx = T X (12)-^ 

. * 4 519 X 12*"’ 

= .519 X.270 
= 1401° absolute. 

At the point d fuel is injected into 
the highly compressed a?»d heated air, 
where it immediately ignites, and tlte 
admission is continued at such a rate that 
a cou.staut j)re^sure ,is maintained t^Uripg 
the outward sCioke of tlie pi.ston, until 
the point c is reached, when the supply 



Tj-SlS* 


Fig. 4 


of fuel is cut off. The eflicieiicy is deptpident in this case upon 
fhe maxiipinu temperakire as wril as the eompre.ssion ratio, and it 
will “be ^^;ell to take, say, three examples in w’hich the’supply .of fuel 
i.-i*cttt at '(fig. 4) .stroke, (fig. 5) •xrtU of the* stroke, 

and T[fig. 6) ^th of the strdlce, ori -^th, Jth; and Jth of the totah 
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volume including the clearance space. Taking first example (fig. 4), 
when the fuel is cut off at -g-jnd of the stroke, which is about the 
normal condition when the engine is running on light loads. The 
volume M, e is ^2 + = l^th of the total, and the temperature Tg 

at the point '3 is therefore x 1401“ F. = 210.i ‘5“ F. al^solute. 
The temperature Tg at the poinf*yi when the gases have expanded 
down to their original jv'olume, onay be found from the equation 

Tg =.,Ti,-^ 8^-1 : '• 

= 2I.01-5 j 2-297 
, = 915“ F. absolute. 


In constant-pressure engines heat is added at constant pressure- 
and discharged at (constant volume, so that tiu* formula for arriving 
at the thermal efficieiacy is not quite so simple as in the explosion 
type of engine. 


The heat added is 11 
and the heat discharged is 11, 

The efficiency is therefore F 
Now 

K 

SO tlicit the efticiciicy E 


Iv(T.g - T,), 
K,.(Tg - T). 

- _ Iv.vTa - T) 
K;;(Tg 'i\y 
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Taking the second example ^fig. 5), when the fuel is cut off 
at iVth of the stroke. The volume at e bdhomes ^th of the total, 
and fhe temperature Tg at the point c is therefore 

*8?- UOV F. , 

=* 2802'’ F. absolute. 

The temperature T 3 at the point/ pow J)e5ome3 
T, = T./-rV-t ’ 

= 28i>‘4 -i» 2-048 
= 1 368“ F. absolute. 


Tjje efficiency in ^he second example is therefore 

’ E = 1 - ’ 

K^OV-Ti) 

• ^ ^9 _• 

<^• 4(2802 - 1401 ) 

* = 1 _ _ _ 

1-4 (1401) 

. =• 1 _ 0-433 " 


^ ^ = 0-567, Qi- 50-7 per cent. 



, The temj)eraturc T., at the pouit/ now'becoiues 

*l\ = ^r, I 


=?^4203 4- 1*741 
= .241 4° F. ab.solut(f. 
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The effieieucy iu this case is therefore 

_ 1 _ 2414 - 519 

, 1-4(4203 - 1401) 

. _ 1 _ J 

• r4(2802) 

= I - 0-483 

V = '0*517, or 5T7 ])cr cent. 

If the same enghie with the'sa/i>* ctmapression I'atio were 'operated > 
on the constant-volume or explosion cycle the ehiciency would be? 



= G3 per cent, 


but the maximum pressure in the latter case would be no leyjS than 

476 X lb. per square inch absolute, 

1428 lb. pqr square inch absolute'. 

The Semi-Diesel Engine. — In addition to the Explosion 
type and Diesel type, there is, as already .mentione'd, an inter- 
mediate 'type which has recently become very popiilur, and is 
generally known as the Semi-Diesel. In this class of engine comi 
bustion takes place partly at constant j)ressure and jtartly at 
Constant volume. Air only is compressed in the cylinder, but the 
compression is not carried to sucii a degree as in the true eonstant,- 
pr.eS&>jre enginp, and consequently it is not suHiciently heated by 
compression alone to ignite the fuel. In order further to heat thf; 
air and to ensure ignition of the fuel, a portion of the combustion 
chamber, generally in the form of a bulb, is left nncooled, and 
allowed to attain a high temperature. The fuel is sprayed into this 
bulb, and ignited partly by the heat of the air and partly by heat 
supplied to it by contact with the highly heated walls. Under 
these conditions, however, the combustion of the fuel is not suffi-, 
ciently rapid, and it has been found desirable, in order to obtain 
complete coinbustion, to adini^ the fuel slightly before the end of 
the compression stroke. ^ Since thei fuel is present in the cylinder 
before the end of the compression ^stroke, it.ii clear that coinbustioii 
of part at least takes place at constant volume. 

Engines of .this »t}^)e cilnuot be fairl-;^ classified uinkr eittier Jiedid, 
‘for they raay.be eitner conStan.t-volti\ne, constant-pressure, .ofi\any 
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compromise between the two, depending upon the exact period of 
the combustion of the fuel. In practice thfire is a very wide varia- 
tion*iu this respect among the different types of Semi-Diesel engines, 
but, broadly speaking, they may be taken as about half-way betweim 
the two extreme types. It is efear^that thc'nearer thc;j^ approaeli to 
the explosion type the higher wilb be their eijiciency, but the differ- 
ence is not very great. This type^ of engipe has many points in 
its favoui’, and bids fair to become extremely popular in the near 
future. • * * ' 

Comparison of Diesel and Explosion Types. — Examining 
the three different conditions of running of constant-pressure engine.^, • 
it will be observed, that the efficiency falls from*59’8 per cent when 
tlA'. ipaxiinum temperature is 2101 ‘5" absolute to 51*7 per cent when 
the maximiun temperature is 4203° absolute. It is improbable that 
a suffi(^ient quantity of fuel could be burnt in the Cylinder to })ro- 
duc(‘ a higher I'emperature than* 4203° absolute. In practice the 
maximum tem[)erature will not greatly exceed 3500° F., which 
would give a theoT:eti(*-al efficiency of about 54 per cent. 

To sum up the conclusions so far arrived at. It is evident: — 

1. Thiit*in an explosion engine the etti(*iency is entirely depen- 
dent upon* the ratip of compression, juid is indepejident of the 
tem})crat*ui*e. 

• 2. That in a constant-pressure or Diesel engine the efficiency 

is dependent mainly upoii the compression ratio, 'but also to a 
limited extent upon the maxinjam temperature. 

, o. That for ecjual compression ratios the explosion engine hs the* 
mor(‘ efficient type, but, for reasons tlia't will, be ex^plaiiaed la,tei; it 
is not possible to use such a high compression ratio with engines of 
this type. 

Prolongation of Expansion Stroke. — In both types of 
engine which have been (‘onsidered so far, expansion is carried oidy 
to the same volume as b'4bre (compression; this is the ease in almost 
(‘Very engine at present built, but attempts have beem mad(‘ to 
increase the expansion ratio in relation to the compression. Sin(ie 
there are indications that this may })e achieved in some form in the 
near future, and indeed in the case of the Humphrey pump has 
alri^fidy been achieved, it is interesting to calculate wliat the efficiency 
‘would be both in the £ase of the* constant- volume and constant-pres- 
sui-vS types, if expansion were continued dowm to atmospheric pressure. 

.Taking the constant- vdlarae type ^rst, in which , the compression 
raTicI .equals 5:1, and referring to the indicator diagram, fig. 7, let 
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it be supposed that instead of the gases being released at e, the 
expansion is continu(;d‘ until their pressure has dropped to atmos- 
pheric at the point f. Tlien, if the pressures and temperalures 
throughout the rest of the, (lyfile remain unchanged, the exjmnsion 
line will meet the atmdsphcric line ‘.it the point/) and the fluiuber 
of expansions may be found from 4 the equation * 



A iio cr’"* 

» 

= 4 l- a espaiisions. 


The length of the .expansion stroke must the.irfore be, in thi^ ease 
or* 2*3 time.s the length of the eompn'.ssion stroke. 1’he te«i- 
perature Tg at the point F mu.st now be found from tlu* equation 

= T.,^^ ]l -5> > 

= (flZG 2-65(: 

= 1 11)7'' F. absoiut' 


111 tli.i.s case llie lic/it supplied to is H =% K/;(To - Tj), 

tlie heat discliarged is H, = Ky. — T), apdl the efticieiicy is 

^ ^ 1\) - K,,(Tg -_T> 


. = I - y 


i; - T 


— ] *4 » 

‘7 1 »7 /r 


T, - T, 

11*1 7 - 5111 
3170*- 988 


r i V 

•= 1 — 1*4 — - 
2188 

= 1 - 0-4:^;} 

= 0'5G7, or 56’7 per cent. 


That is to say, if the expansion of the gases l)e carried on until 
their pressure has dropped to atinasplierie, the p()ssil)le air stniidard 
e4Keiency will be increased from 48 jier (jent to 5(J'7 per cent, hut 
it will no longer be dependent upon llie comjiression i-atio alone, 
and will vary ae.cording to the maximum temperature. The length 
of stroke required to exj)and the gas^s down to atmospheric pressui e 
will also be dependent u])on the kiaximum, j^ressure awd temper.i* 
ture, and to obtain the best possilile efficiency, it will be necestiary 
toVaryithe len^gtli of the •ex^mnsion st^Ake in ^-elation, to *the' cbAi- 
pression strok(\ for ever}^ variation of tiie tem])erature and prQSRspre, 
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which is impracticable in any ordinary type of reciprocating engine. 
The diagrams, fig. 8 (see Plate facing p.' 22), are interesting in 
thai they are actual diagrams taken from the author experi- 
mental engine, in which the ratio of expansion could be varied 
while the engine was running.' The upper diagram shows the ex- 
pansion carried "to the same volume as before compression, the ratio 
of compression being 4*75:1, and tl^e theoretical efficiency approxi- 
mately 47 per cent. The lower diagram has a compression ratio of 
2*6 :*1, and the ai'r standard efficie»Ncy in this particular case is also 
approximately 47 per cent., The efficiency actually measured was 
precisely the same in both cases, namely, 30 per cent. ' 

Taking next tin.- case of Diesel-type engines, and selecting the 
se^.iond example in which the fuel admission is continued during the 
first one-eleventh of the stroke. In order to expand the gases down 
to atmosph(‘Tic pressure, it is (dear that they will have to be ex- 
panded to twelce times the volume they occupied at the point e 
(fig. 9)j which, in this case, is to double their original volume, and 
the temperature at the [)oint T3 can be foiUid from the following 
equation : — ^ 

. . , T, = T, 4 12>-^ 

= 2802 2*706 

= 1031° F. absolute. 

Since both the compression and expansion are adiabatic and 
between the same limits of ]>res»^urc, it follows that the efficiency, 
in this case, depends solely upon the degree of compression, and 
can be found fi-oni the etj nation , 



since r in this case is 12, the efficiency is 

15 - 1 - (/.) «- 4 , 

E = 1 - 0*37 

= 0*63, or 63 per cent. 


* The efficiency, therefore, h^'.s been rais(^d from 56*5 per cent, 
when expai'ding down, to the simie volume as before com])ression, 
to 63 per (*.ent when expanding down to atmospheiic pressure. 
It' is inttM-esting to note that in this ease the efficiency is inde- 
pendent of the maximum pressure or temperature, and is dej)endenl 
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only upon the ratio of compression; that is to say, no matter how 
long the period of constant pressure he maintained, provided that 
the length of the expansion stroke is sufficient to expand* the 
burning gases down to atmospheric pressure, the efficiency may be 
obtained fron* the formula ^ • 



To sum up, therefore — !• '^he air standard, efficiency of the 
explosion type, w hen the gases jtic expanded the same volume 

before compression, is dependent solely upon the, ratio of com- 
pression. , I c 

*l^ie effi ('iency of the Diesel type, wdien the gases are ex- 
panded to the same volume as before compression, isMepehdent 
mainly upon tlte compres.^ion ratii), but also pifrtly on flie nfaxinium 
temperature, the liigher the latter* the lowei- tlie efficiency. • 

3. The efficiency of the ex])losion type, wlien the expansion 
carried to atinosjdieric pressme, is no longer d(‘ pendent 11^011 the 
ratio of compression alone, but is also^dependent upon the maxi- 
mum temperature and increases slightly witlf in^L-rease, of tempera- 
ture. 

4. Tli^ effici(ui(*y of the Diesel type, when the giises are ex- 

panded to atnios])heric pressure, is no longiu’ depend^ent upon the^ 
maximum tempeiature and pressure, but solely U 2 )Oii the latio of 
comi)ression. • 

The efficieiu-y of the Diesel type, when expanding down to 
atyip^j)hcric jnessure, is jj^ecisely the same as tliat of th(»- explosron 
type, when expjfnding to the same volume as l)efore compression, 
jjrovided tliat the comjiiession ratios in both cases arc the same. 

These conclusions arc all })ased on the following assumptions; — 

1. That the working fluid is pur(‘, dry air. 

2. That its specific remains constant at constant volume 

^ver the whole range of temperature cmjiloyed. 

3r That Tjoth the compression and ex 2 )ansion are adiabatic. 

4..J'ha't ('tiiiibiistion in the one case is instantaneous aud takes 
place at constant v(Tlume, an<l in the se(*ond case, thtft it i« so 
delayed as to produce a ('Oiistaut pressuie. 

5. That the gases arc exj^^ianded to jjrecisely the saiac vojurne 
a j? they* originally occupied. • 

In actual practice none of these assumptions JjoJd good, 
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1. The working fluid is not pure dry air, but may also contain 
a proportion of other gases whose specific heats at constant volume 
an<? constant pressure do not bear the same relation as in the case 
of air. 

2. It has recently been proved by Dr. Dugald Clork and others 
that the specific heat of the worfcing fluid .is not constant over a 
wide range of temperature, but inqjrcases "considerably at very high 
temperatures. This is a matter of tlie greatest imnortanee, and has 
a very powerful influence upon etf'cii^ncy. The curve illustrated in 



fig. TO shows the total muount of energy contained in the Avorking 
fluid at various tent pe ratines. The curAe here shuAvn is taken from’ 
that comTiiled by tlie Gaseous Explosions Coniinittee of the British 
Association after a thorough investigation of the experimental results 
by Holborn and Henning, (■lerk. Langen, iVlallard. and Le Chatelier. 
More recent research suggests that the "estimate of total internal 
energy at high temperatures is somcAvhat too high, . and requires 
rcvi.sion, but the values given arc those gmierally accepted by 
eneineers at present. It is based on the assumption that thc’analysis 
ofrjie working fluid after comKistion is- - 

83 per cent. 
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3. Neither the compression nor expansion is truly adiabatic 
owing to the change that takes place in the specific heat of the 
working fluid. Also, heat is lost to the cylinder walls during ‘noth 
these strokes. 

4. The ccmbustion is not instantaneous, the propagation of 
flame throughout the whole of the working fluid takes an appre- 
ciable amount of time, and combustion continues during part, at 
least, of the expansion stroke. 

5. Owing to the short tfliu- available for getting rid" of the 
produ(j,ts of combustion it is necessary, in practice, to open the 
exhaust valve or ports slightly before tlie end of the stroke, and 
consequently the gases are not exi)anded to fhe same volume as 
they occupied before compression. 

To make due allowances for all these discrepancies renders the 
calculation of the thermal efficiency of an engine excexlingly 
complicated, and nece.ssitates an a(;curate knowlt'dge of the chemical 
and physical charact(!ristics of tlie w'oi'king fluid. 

Although, according to the air standard, the efficiency of 
explosion engines is entirely independent of the maximum tem- 
perature, when allowance is niade for the imtrcjesing i^pecific; heat, 
it will be found that — other things being equal — the lower the 
maximum temperature the greater the efficiency; this 'is a matter 
of the greatest importance to the practical engineer, for the principal- 
difficulties which he has to contend with arc those due to the vciy 
high temperatures whicli obtain in the cylinders of internal-com- 
bustion engine.s. 



CHAPTER II 

PRINCIPAL SOURCES OF LOSS OF EFFICIENCY 

Cpoling Water Losses. — The possible efficiency of any type 
of engine being kiiown, it now becomes necessary to inv^estigate 
1»lie various! causes which prevent this efficiency being attained in 
practice.’ Besides the increase of specific? heat at high temperatures, 
tli^ loss of heat,, to the walls of the combustion cliamber, cylinder, 
' and piston account for a substantial proportion of the discrepancy. 
For obvious })ractical reasons, it is essentia] to keep these parts 
(iomparatively cool, and,, eo;,secpieutly a considerable proportion of 
the heat liberated during combustion and expansion passes into 
the eylindes wails,, from which it is taken up by the cooling water, 
and is, to i^l intents and purposes, lost. In order to reduce these 
losses as far as possible it is essential that — 

*. 1. The surface' exposed to the gases during combustion should 

be as small as possible, that is t^ say, the cdearance or compression 
sj»ace should be as nc'arly spherical as possible. 

2. The temperature of the working fluid should be as low as 
possible, consistent with a reasonably high mean pressure, for not 
only is the heat loss increased by the greater difference of tem- 
perature between the gases and the cylinder walls, but also, at very 
high temperatures, heat is lost to the walls by radiation also. 

The actual proportion of heat lost to the cylinder walls, &c., 

during combustion and expansion is not easily determined, especially 

in four-cycle engines. If the amount of heat taken up by the cool 

ing water be measured, it will be found to give muen too high a 

figure, because heat is being imparted to the cooling water, not only 

^during combustion and expansion, but also during the exhaust 

strokfe; this latter has, of course, no influence on the efficienev. 

» '* ' . . . 

Dr. Dugald Clerk has, however, devised a most ingenious method 

for^ deducing the heat lost4^) the cylinder walls during tl\e com- 
bitsifljn* and expansion alone. It is npt prop:)sed to describe this 
metflod here, but it may be stated broadly, that he has found the 
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true loss generally ranges between 40 and 60 per cent of that 
accounted for by the cooling water, the proportion, of covrse, 
depending upon the design, size, and speed of the engine, and many 
other factors. This proportion is vpry much lower than was popu- 
larly supp08e(i to be the case soriie few years ago, and it is probable 
that it is not susceptible of much further reduction. 

Slow Combustion. — Another cause of loss of effiiucncy, and 
one which is partimlarly seriops in engines working on blast-furnace 
or other lean gases, is incomplete or delayed combustion. In the 
, cgse of explosion engines, incomplete combustion is generally due to — 

1. Stagnation of the working fluid at the tiuic when combvstion 
takes place. 

2. The presence in the combustion chamber of pockets Oi 
recesses, which Jioth obstruct the free flow of’ the gasfes at the time 
of combustion, and, by presenting a ver}' huge cooling surface in 
relation to the bulk of the gases which they contain, chill them, and 
so prevent or delay the propagation of flame. 

3. The presence of a large propoition of inert gases, inter- 
mixed with the working flui^, such as exhaust gases, from the 
previous cycle, which tend to separate the particles of fuel and 
air. 

In the case of constant -pressure engines using liquid fuel, 
incomplete or. delayed combustion is generally due to want of 
thorough pulverization or distribution of the particles of fuel ; with 
the result that each particle is not surrounded by a suflicient 
quantity of air for complete combustion. 

Of all these causes, it i^ probable that stagnation of the working 
fluid is one of the most important. It is essential foi‘ complete 
combustion that the gas(‘s shall be in a state of rapid motion at 
the time when combustion takes place, in order that the flame* 
shall be distributed mechauically throughout the whole mass of tin* 
working fluid; for the normal rate of proj)agation of flame is so slow 
that combustion will not he nearly com])let(‘d, even by the end of 
the expansion stroke. Experiments on the combustion of stagnant 
gases in closed A'^essels have shown that the propagation of Hame 
under such conditions is far too slow to be of any use in the cylinder 
of an internal-combustion engine. On the other hand, stnall petrol 
engines have .been made to run quite .satisfactorily and efliciently 
af .speeds of over 4000 revolutions per minute, showing that if the 
.velocity of the gases at the. time of <‘ombustion is sufticiently h.’gii, 
the pi’opagation of flame may be extraordinarily rapid. 
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The presence of a large proportion of inert gas delays the rate 
of flpme propagation only when it is intimately mixed with the 
combustible mixture. This is a question which assumes very great 
importance in two-cycle engine^, and will be considered in detail 
when dealing with this subject. If, by stratification, the combustible 
mixture can be prevented from mixing with the large bulk of inert 
gases, then their presence is desirablb; for, let it be supposed that 
the quantity of working fluid in the cylinder is, say, 50 per cent 
of the cylinder voUmie, as it might be in the case of a four-cycle 
engine runniii^' partially throttled, and that the heating vaiue is, 
such that the maximum temperature obtained auring combustion is, 
say, 3000° F. ; if now, instead of throttling the gases, 50 pci cent 
of Inert gaoes be retained in the cylinder, but not mixed with the 
combustible gases, then, neglecting any difference in specific heat, 
the temperature pn combustion will be only 1500° F., but the mean 
•pressure and the work done will be tlie same. That is to say, 
double the quantity of working fluid will l.ie heated to half the 
maximum temperature, but in this latter (!ase, owing to the lower 
temperature, the losses will be considerably reduced, and the actual 
|erti(5iency mi.ch gicater. If, on the other hand, 50 per cent of inert 
Igascs be intimately mixed with an equal quantity of combustible 
piixture, it is probable that the resulting mixture will be so far 
liluted that combustion will not take place at all, or, if it does take 

r lace, will be so retarded as to be of little use. 

In Diesel engines, as already stated, the completeness and 
,jfl 2 )idity of combustion is dej)eudeut upon the degree of pulveriza- 
tion and distribution of the liquid fuel throughout the highly 
compressed air in the combustion chamber. If the fuel is not 
sutiiciently finely pulverized or distributed throughout the whole 
bulk of the air, then liombustiou is delayed until each particle of 
fuel can find the necessaiy quantit}’’ of oxygen. Pulverization is 
generally acconqdished either by mechaniwl means or by com- 
pressed air; the latter is generally preferred, for not only are the./. 
partg'l'jn^Q^ fuel more finely divided and distributed by com])ressed- 
air pulverization, but also the inrush of highly compressed air into 
the aylinder creates violent turbulence, and so increases the rapidity 
of th^ flame propagation. For this reason engines employing cora- 
press^d-air^ulverization generally .show a somewhat higher etticiency, 
and,are usmally capable of running at a liigher .speed, than tlvose in 
whloJi*,the pulverization and distribution is efl'eeti^d purely by 
mechanical means. 
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Practical Limits of Compression. — It will be noted that 
although the explosion- type engine gives, for equal compression 
ratios, a higher efficiency, this advantage is not obtained in practice. 
It is not possible with this type to^employ such a high compression 
ratio, because, if the combustible mixture be compressed beyond a 
certain point, the heat due to compression may ignite the charge 
before the en<!i of the stroke, ‘and thus throw very severe stresses 
upon the workil:g parts of the engine. Since various giijses have 
different ignition temperatures, ' it follows that, to obtain the best 
’■esultfe the compression ratio must be' varied to suij, uKe particular 
fuel on w^iiich the engine is intend(“d to run. As a general wle, it 
may be’ taken that the richer the gas the lower the ignition tem- 
perature, and therefore the lower the compression ratio that may be 
safely employed. There are, however, exceptions to this rule, such, 
for example, as alcohol vapour. Thus, for very ripli gases, such as 
petrol vapour, a compression ratio of from 4 to 5 : 1 is generally used; 
for illuminating gas, or, as it is commonly called, town gas, che aatio 
is usually from 5 to 6 : 1 ; for produce, ga s from 6 to 7 ; 1 ; and for 
blast-furnace gas corapres.sion ratios of from 7 to 7i: l are sometimes 
employed, depending upon the percentage ofliydfogen present in the 
gas. For very high percentages of hydjogen it is necessary to use a 
low compression ratio ; thus, for coke-oven gas, which frequently con- 
tains over 50. per cent of hydrogen, it is hardly ever safe to use a 
compression ratio much higher than 5:1. In addition to the rise of 
temperature due to compression alone, there are other causes which 
are liable to produce premature ignition of the combustible chargfey 
such for example as : 

1. The presence of a large proportion of highly heated exhaust 
gases in the cylinder at the. commencement of the compression 
stroke, cau.sing a high initial or suction temperature. 

2. The presence of uncooled parts of the engine, such as exhaust 
valves, &c., which are b.ated to a very high temperature during the 
*;ombustion and expansion strokes, and impart their heat to the 
gasef? during compression. 

3. .The presence of a coating of carbon on the walls of^the com- 

bustion chamber and piston iiea<b which is a poor conductor of 
heat, and may attain a* very high surface temperature during the 
expansion stroke, and impart much of the heat it has aecumijlatcd 
tb the. gases during compression, ins+e.id of conducting it thrqngh 
the cylinder -stalls to the wfifer-jacket. ‘ 

4. The presence of detached or partially detached portions of 
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carbon, igniter electrodes, and other parts, wnich are insulated from 
the water-jacket, and which in consequence may become incandes- 
cent. * 

5. In the case of cer-tain fuels, *and more particularly light 
volatile liquid fuels, such as pa/affin or petrol, detonation occurs 
when the working fluid is compressed beyond a certain pressure. 
Such detonation is not in itself dirqctly •hifirmful, but there is 
evidence that if detonation be allowed to persist, it gives rise 
t eventually to pre-ignition. ThereJ ie evidence eiso that could 
means be found fr'’'^ preventing detonation, a much higher com- 
pression ratio eould at on(;e be used without risk of jire-igui-, 
*tiou. • ^ 

• “iLis because of these causes that in practice a very much Tower 
compression ratio must be employed than would at first sight 
appear nucessary. Th5 first cause applies in practice only to certain 
types of two-cycle engines, which on* light loads retain a very large 
percentage of exhaust ga.ses, and which in consequence are con- 
demned to use a lowier compres.sioii ratio thah would otherwise be 
adopted. • , 

It is ob^ous t^at for these and tither reasons, which will be 
dealt with later, If ie of the utmost importance that the contents 
of the cylinder at ^ the commencement of the compression stroke 
siynild be at the lowe.st possibh' temperature. 

In the constant-pressure type of engine, since air only is coin- 
pressed in the cylinder, there is, under normal conditions, no risk 
whatever of iire-ignition, and <‘onsequently the only limit to tlie 
ratio of compression is the practical diftkulty, of ('mploying very 
high pre.ssures without considerable leakage and friction losses. In 
Ihesel oil-engines a compression ratio of from 13 to 14 : 1 is now 
gemn-ally .employed, but in certain special cases compression ratios 
as liigli as 18:1 have been successfully u.sed. 

Power and Cylinder Capacity. -Second only in importance 
to the efiiciency is the power that can be obtained from a given size 
of cylinder, and this depends upon the weight of air tliat can be* 
passed through the engine in a given time, and upon the efiiciency 
with which it can be burnt. Whether tlu^ engine operates &n the 
•two* or four-stroke cycle, whethgir it be of the con stiwit- volume or 
(ionstaiit-pressure type* jthc ultimate power that it can develop 
deperfds primarily on the weight of air that it can deal with poj- 
inirAife,^ for it is evident thS.t however ’much air «is prei^mt in 
the •cylinder, suftic.ient* fuel can alwaj;^ be admitted to combine ' 

VoL I • • 3 
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with it, but that any ^urthei* addition of fuel will be useless unless 
there is sufficient oxygen present for its combustion. In order 
that the engine shall be capable of dealing with the maximum 
weight of air in a given time the following conditions must be 
observed : 

1. The piston speed must ba as high as possible, consistent with 
a good mechanical efficiency - 

2. The valves, together with their passages and ports, must be 

so designed as''^o offei* the minimum of obstruction to the flow of J 
gases. " n, 

3. The incoming charge must be at as low a • temperature as 
possible in order that its density may b(^ a^ a maximum. 

That is to say, considered as an air-pump, the volumetric 
efficiency must be as high as possible. The conditions enumerated 
above are also the conditions retjuired for liigh efficiency, but to 
obtain the highest possilile medw pressures, and therefore the highest 
j^owers, very high temjieratures must be employed, and these are not 
compatible with high tliermal effi<*iency, for, -as already explained, 
very high teni])(‘i‘atures involve increased heat losses and an increase 
in the specific heat of the working fluid. »Froui a purely thermo- 
dynamic point of view, high ])iston s])e(^ds aiv. to be recommended, 
but then' effect upon the mechanical efficien(*y and the wear and 
tear of the engine generally, will be dealt with later. As in the case 
of an air-compressor, the volumetric efficiency depends very great! v 
upon the valves; their size, j)OMtion in the cylinder, and time* of 
opening and closing are (»f the utmost importanee, and, equally 
imp^ortant, is the design of the })assages l(‘ading to and from them. 
These should he free from sharj) bends or sudden ehanges of ar(\‘i, 
and should if possihh* he designed so that advantage is taken of 
the inertia of tin* gases in the pipes and passages. It is not oft(*n 
necessary or desirable to us(‘ partieuhirly largii valves, but the pipe 
work and tin* contour of the ])assag(‘s immediately behind the valves 
sliould l)e so dcsigiKMl that tin* gas(‘s arc led to th(i inlet valve at 
*a gradually imo’easing vehmity, which roaches a maximum at the 
opening of the valve itself. ]iy this means advantage may be 
taken •of the iiuolia of the gas(»s in the iiihit pij)C to eharge the 
cylinder fully, while their higli vi^locity on entry maintains them 
in a state of \'iolent turhulcncr during cdlnpressioii*, thus ensur- 
ing i-apid aixl comph*te e.oinbustion. The same remarks apply to 
the efliaust vhIvc, but Since in this case the gases <are at a CiDJu- 
paratively high pressure %/hen the valve is first opened;" their 
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velocity when released is exceedingly hig^, and still more ad- 
vantage may be taken of their inertia thoroughly to empty the 
cyliuuer. 

Condition 3, low temperature of the charge, can only he met 
in a four-cycle engine by reducfng ^the proportion of*residual ex- 
haust gases to a minimum, for these gases, being at a very high 
temperature, impart thc,ir heat to thg incoifting chargp, raising its 
temperature, and in eoiisequencc reducing its density. The pro- 
l portion of residual exhaust gases cqjn reduced.*-!. By paying 
particular aUentio»> to tlie exhaust outlet, and tlie timing ot tlie 
exhaust valve tn order to ensure that a perfifctly free outlet is# 
‘provided, and by takipg advantiige of the inertia ©f the gases^in the 
exJRiast pipy. , * 

2. By^ employing souk'. method of .scavenging the combu.stion 
chayiber,*that is to say, of driving the exhaust gases out of the 
combustion chaml»er bv nu'aus of a* charge of air, under a liaht 
pressure,^ introduced befoie the commencement of the suction 
stroke. • . 

Mechanical Efficiency.- -Up to the present only the indi- 
catod oftioiejify ainl^ po\fer luive l)eon r*onsidered, that is to say, tho 
woi'k done on th('* piston. To the practhial engineer, the actual 
brake effiedehey and power is of far greater importance,# i.c. the 
eijii'iency and [)Ower developed at the crankshaft and avadable for 
external work. Tlie ratio between the indicated })ower and the 
bi'ake or available power is known the mechanical efficiency, aiul 
this usually ranges in inoilern engines of the explosion type betwiK'ii 
80 and 90 per cent, the remaining 10 to 20 per«centJ.jeina absotbbd 
in internal b’iction in tin* engine and in pumping or Huid loss(*s. 
It is lor the pi-actical. (‘iigineer to reduce these losses as far as 
possilile. At the present time the indicated thermal efficiency of 
a Jiiodei’ii int(n-nal-conibustion engine, whether two- or four-cycle, 
explosion or Diesel type, is generally within from 10 to 20 per cent 
of what is theoretically jiossible, when due "allowance has been made 
for the increasing s])ecili(‘ heat at high teinj)eriiture, anchit does not* 
seem that this is susceptible of much improvement, uidess a new 
cytdc be discov(‘red, or unless some use be ny^ide of tlie heat lost 
to tTie cooling watei- or the (‘xli.-Hist. 

To obtain* tin' highest possible*mechanii‘al efficiency, the follow- 
ing ct)ndit?ons must be observed: — • • , 

'ri**'**# " 

Xli*’ nitio of maximum to mean vi'^^ssure mu.st*be as fow as 
posslb'te. 
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2. The piston and /'otative speeds must be low. 

3. The weight of the reciprocating parts must be reduced to a 
minimum. 

4. The mean effective pressure must be as high as possible. 

5. The n\oving parts of the engine must be, as nearly as possible^ 
in perfect static and ^dynamic ba'Iance. 

Influence of Maximum and Mean Pressure Ratios. — 
Taking Conditjon No. 1 first: It is of the utmost inii)ortance that 
tlie ratio of maxnnum to mean pressure should be as low afe possible, 
beca’ise the working parts and the vdiole structure of tlie engine 
must be^. strong enough to withstand the maxim uni pressures, not 
only those that oeem* under normel running conditions, but also 
under abnormal conditions, such as premature ignition. If tluMihrio 
be high, then the weight, inertia, and the friction .of tl^e moving 
jiarts become’" excessive. This condition, as apjilied to '?xplosion 
engines, is perfec'tly compatible with the thermodynamic one. 
that the maximum tern peiatii res, and therefore pressures, sliould 
not be high, but it is not coinpatilile ;vvith i1k‘ diunand for a high 
compression ratio, for, beyond a certain point, any increase in the 
(‘ompression ratio ineicases ' the maximuih jn essures enormously 
with very little increase in tln^ mean pre.ssine. In pra(‘ti(‘(‘ it 
has been found that very little improvement in the actual efliedeney 
or power is obtained with inciease of comjiression beyond a certafn 
limit, because the maximum jiressures liecome so high, and the 
working jiarts have to be so heavy in cons(M.juenc(‘, that any advan- 
tage is swallowed uj) hy the increase of friction. Again, although, 
trKejreticrlh’,. a very material increase in the efficiency would be 
obtained if the gases were exjmnded down to atmosiiheric picssure, 
the ratio of maximum to mean pressnrt* ir. that case would lie so 
unfavourable that it is doubtful whether any appreciable advantage 
would be obtained in jnacdice under noinial (‘ircunistances. 

Revolutions and Stroke.— Condition 2: The piston and 
rotative speeds must b(^ as low as possible, for tin* greater })art of 
the friction in an engine is due to the inertia of the reciprocating 
parts, which increases directly as the jiiston sjieed and as the square* 
of .the rotative speed. Jn order, however, to J-eduee the lieat losses 
to a minim utn, and also to obtain'^a reasonable ])(»w(*r from a giveil 
size of (‘.ylinder, it is necessary to empk)y a high piston speed. 
These two (fbnditions are (!oijHicting, and a Ciompromise must be 
sought Since, as stat€*d fdiove, the friction increases directly as 
the piston speed, and as ‘ square of the rotative s}3eed, *lt is 
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oRviously desirable to increase the piston sueed without increasing 
the rotative speed; that is to say, the strolSe of the engine should 
be as»long as possible. 

Weight of Reciprocating Parts. — Condition 3; The greater 
part of the nu‘chani(;al friction is due to the^ inertia of the recipro- 
cating j>arts. During tlie first hal/*of the stroke work is done by 
the crankshaft in aeceleiating the piston, and ^ring the second half 
this work is returned to the cranksffal't and the bahtnce restored. 
Tliis intefchange of work between the piston and crf^inksliaft occurs 
twice every stroke, or in a four-cycle* Engine eight times every cycle, 
and each tifue, certain pcrAuitagc is absorbed in friction. *It is 
clear tiiat for equal piston and rotative s])eeds fhe work dCue u]Jon 
tl)(^ piston and returned by the piston will depend u])on the*w?ight 
or that pai'f, and the friction will be more or less‘proi)ortional. In 
some modern Aigines winning at high speeds*, the fricl^ion due to the 
ineftia of the reciimteating parts repnesents about 70 per cent of the 
^.(rtal mechanical friction of the engim*. it is obvious, therefore, that 
to obtaid the highest,])ossible mechanical etiiciency the weight of the 
reciprocating jau-ls must 1)e reduced to a minimum. 

Mean Effective Pressure. — Condition 4 : The nu'an effective 
pressuie nm.st Ije'asdiigh as ])o.ssible. This is fairly obvious; but 
to illusti’ate. .it, let it b*e supposed that a certain engine dewlops ,50 
yidicated hoise-po\Ve]- with a mean elfective pi-essure of 50 lb. per 
.square inch, and that the power ab.sorbed in intejiial ffiction is 
10 tior.se-power, then the brake or^ctl’ective horse-power will be 40, 
and the mechanical efficiency fJJ, or 80 per cent. If. now, the mean 
effective pre.s.sure be increased from 50 to 100^ lb. ]ter square inch, 
the engine will develop 100 indicated horse-powei*. *1110 assuming 
that the internal friction is not materially altered, the KH.P. now 
becomes 100 — 10 = 00 hor.se-power, and the mechanical efficiency 

Condition 5: This is a difficulty with .smgle-cylinder euginc.s. 
The importance of accurate balance and the •conditions which govern 
its attainment will be dealt with later in this volume under tlK> 
heading of Balancing. If the working parts are not in perfect balance, 
a portion of the jiower of tin* engine is dissipated in vibratioiv 
• *Manufacturing Costs. Of no le.ss Importance than the 
thermtd and.inechanirwd^ efficiencjj is the qtiestion of cost of manu- 
facture. ifo be a practical success the i;ost of manufacture per hor.se- 
puwcr mfl.st not be too higli,*and in iffaivy ca.ses it is jidvis*ible to 
red'ii^e'the first cost evT'ii at the sacrifice of thermal efticiency. The , 
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coinlitions necessary fo/ low cost of production may be summarized 
as follows: — 

1. The mean effective pressure must be as high as possible.' 

2. The maximum pressurefe must be as low as possible. 

3. The stroke must be short. * 

4. The piston speed must be, as high as possible. 

5. TJie valve geaf^^iuust be of the simplest type, and the valves 
so placied thaf they can be operated by the simplest form of gearing. 

6. The eng'ine should contain no intricate parts that pannot 
easily be made with ordinary tools, or which necessitate a degree of 
.accuracy that is not obtainal>le in an ordinary euginepririg workshop. 

Condition 1 is obvious, for the higher the mesin pressure the greater 
the power that can be obtained from a given size of engine; thi'' is 
also the condition required for good mechanical efficiency, but liot 
for the best thermal effidcncy, because a high linian pressure generally 
entails high temperatures. ' 

Condition 2: H’he lower the maximum pressure the lighter and 
cheaper the engine; lortunately this is the condition required for 
good thermal and mechanical cfiicitMj^ey, in the er.se of explosion 
engines at all events.^ In constant -pressure engines, where the 
degree of compression is not limited by thcu risk of pre-ignition, 
the higher the coinjiression the higher the thermal efhciency, and 
the limit of (iorapression is generally set by the first cost and 
mechanical efficiency. Apart from the fact that high pressures 
necessitate a very heavy and therefore costly engine, the risk of 
leajeage is very great, and a much liigher degree of accuracy is 
necessary Jn the infinufafture, which, of course, increases the first 
cost. 

Condition 3: 'I'he first cost of an engine depends very largely 
uixm the stroke. An engine with a stroke equal to three times the 
diameter of the cylinder will cost nearly double as much as an engine 
in which the stroke is equal to one and a half times the diameter, for 
increase in stroke necessitates a corresponding increase in almost 
‘every other, part of the engine, and the long-stroke engine will be 
nearly twice as bulky and heavy as the short-stroke. Therefore, from 
the point of View of first cost alone, the stroke must be kept as short 
as possifde. This is not conqiatiblcijWith high thermal or mechanical 
efficiency ,‘ and therefore a compromise nnist be sought, depending 
upon whether low cf»st or high efficiency is most to be desired. 

‘ as lh& rnaximiJTii ijr^ssuif-is contrrillfcd ty tcniiKiature condiiKHiS and not by tlVc use 

of an abnormally low compression. 


4 
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Condition 4: Since, other things being j^qual, the power of an 
engine varies directly as the piston speed, it is evident that any 
inci ea,^ in the piston speed of a given engine will increase the power 
without incrc^asing the cost. Unfortunately a high piston speed 
combined with a short stroke, and therefore fi high rotative speed, 
is the very worst* condition from th*fe point of view of mechanical 
efficiency; here again the conditions favoiyiifg low cost of pro- 
duction and mechanical efficiency are tiontiicting, and it is necessary 
• to comj)ropiise. • . 

Condition 5 : From a jmrely thtninodynamic point of view, to 
ol)tain the best, possible effi(*ien('y, tlie interior of the (*.ombu?!,tion 
• chamb<>r should be hemispherical, and there should be no^recesses 
for^the valves; in pVactice this means that the valves nfLisit be 
inclined at an angle to one another in the comliustion chamber; 
such an tfrranojbment ift very costly, not on.ly as regards the fitting 
of the valves the^nselves, but also*tJie valve gearing. It is occ.a- 
?;icTnally employed for engines in whi(*Ji first cost is not* a serious 
consideriftion, such as aero)»lane and racing# automobile engines, 
but as a generaj rule, it/nuiy be <lismissed as being altogether too 
costly and ciimbersome, for ordinary . commercial use. There are 
numerous firrangemepts of valves and v.alve gearing which are 
simple and inexjjcnsivh, and which fulfil the required conditions 
suffi(*iently nearly for all practical purposes. 

Condition G: It is important that the i‘ngine should* be free 
fjom intiicate parts, which are troublesome to make or re(juire 
special tools, nor should the «‘ngine require a higher standard of 
workmanship than is obtainable in any ordinarv engineering wo^k- 
sho[). Every year, however, the general standard of* workman si np 
and accuracy shows a steady improvement, so that the importance 
of this condition is diminishing, especially if the engines be made 
in large quantities, and the parts can be thoroughly standardized. 
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ANALYSIS OF A MODERN GAS ENGINE 
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. . ‘ 0 
Investigation of Losses under Working Conditions. — 

‘ Having^ .set down , some of the eondithms in'eessary for the lx‘st^ 
thermal and mechanical eiticiency,* and alsc, for low cost of pro- 
duction, it is interesting to take a typical example cf a mbdcru 
commercial engine, and examine it in detail to see diow (^hese con- 
ditions are complied with, and, ^when vonHieting, what cortijn-omisi's 
should be made. The engine,* illustrated in section in fig. 11, mav 
be regarded a.s a typical exann>le of a first-class modern gas engine 
of the explosion typia operating om thp fOiir-stroke cycle, and 
designed with a view to obtaining a high cHiciency' with due regard 
to manufacturing cost. Let It be supposed that ^the oiigine has the 
following leading dimensions : — , ' 

1. *J^oi*e .L 1*2 ill. 

2. Is in. 

fi Rolntive spml 240 UP. !\l. 

4. Piston speed • . ... 720 ft. piT* ininuti*. 

, 5. Compression ratio (/•) (i : 1. 

. 6. Area of piston ... ^ IJ.S l s(| in. 

7. Ratio ‘of swept volume to cloaranco vo]umi‘ ... 5:1 

8. Weijjht of reciprocating^ [larls iiOO II). 

9. Wei<;lit of reciiirocatino- parts per square inch 

of piston rvrni). 


Takiiio first the indicated efficiency and pow(*r; since tlie com- 
pression ratio (y) is OM, it follows that tli(‘ theoietical indicated 
'thermal effi^dericy according to the air standard is 
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^ This is the highest 
possible efficiency, 
assuirfing that com- 
bustion is perfect and 
instantaneous, that 
there is no loss* of 
heat to tlie (iylinder 
walls, and that the 
working fluid is pure 
dry air, whose specific* 
heat is constfan trover 
thf‘ wide range of 
te;i^erature. In 
practice, such an 
engine wjll proliably 
show an indicated 
thlnanal (dficiency of 
about 3ti per (*eiit, 
under the most i'a- 
vourable coiiditions, 
or 7 0*4 per ^^ent * of i 
tlu' air standard 
e|H<'iency, wliicli fs 
a result that a good 
model’ll four - cycle 
engine might Ik^ ex- 
pec ted to olitain. ' 

It is interesting 
to endeavour to trace 



the 29*6 percent dis- 
cr(*pancy betwt*en 
the actual and ideal 
efficienci(\s. To do 
this, it is convenient 
to ('onstruct an indi- 
cator diagram (fig. 
i2),^and to find the 
tempeilitures .at the 
Iiointft i\ (t, c, and f. 
It .-•is a* di^cult 
matfeNto determine 




^ When working with heal ill(irninatiti<r goA, siiul usfng the weakest mixture t'ompatible with 
3om|)lete combustion. ^ • 


Fig. 11. —Sectional Arrangement - Horizontal Gas Engine (Crossley Bros., Ltil.) 
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the exact temperature jit the point c, that is to say, the temperature 
of the working fluid within the cylinder at the moment when the 
suction stroke is completed, and the compression stroke abfeut to 
commence. It must be rentembcred tliat, not only does the in- 
coming charge take ifp a small iftnount of heat from the walls of 
the cylinder and the valves, bi^t it is also mixed* with the exhaust 
gases retained in tlie^ciearance space. Professor Hopkinson, in his 
paper on the “ Thermal Efli<‘iency of Gas Engines ”, read before 
the In.stitutioii<- of Mechanical* Engineers. aiTivcs at tha following » 
concj unions with regard to thb suction tempemture. He calculates 
, that the temperature of the exhaust gases retained in the cylinder is 
approximately 108b° F., or 1550° F. absolute, and their biflk at a* 
temperature of 32° F. will thercifore be ' . 

401 


1550 


X 0*2 = 0 003 of the sw»pt volume. 


'fhe cpiantity of fresh charge taken in during the suction strokt 
was found, in the particular engine he was testing, to aTnount to 
80 5 per cent of the swept volume at horfnal baronieter and a tem- 
perature of 32° F. The total contents of the cyliMder therefore 
consist of (i•3 per cent of exhaust gases and f<()’5 i)er Sent of fresh 
charge,, a total of 8G'8 per cent of the swe])t voIuiim^. The total 
volume of the cylinder, including the cl(>arance Or compression space, 
is 120 per cent of tlu* swept A’olume, and this is filled with air a*nd 
gas(*s which, at atmospheric jncssure and at a temperature of 32" F., 
or 491° absolute, occupy only 8(>'3 per cent of the swept volume; 
their temperature must iherelbre be 

€ * , • r 

120 ,,,, 

80 -3 

= 079" absoluPs or 220" F. 


This result is in' very fair agreement with the direct thermo- 
metric measurements ^-arried out by Ihofessors Callendar, Dalby, 

• (.'oker, aiid others. It is evident that the lower the compre.ssion 
ratio the greater the quantity of exhaust ga.ses retained in the 
cylinder, aAd that, therefore, the temperature of the mixed gases 
within the cylinder at the point o^will b(! higher. In this particular 
instance, if the teinpenlture of thu contents, he assumed to be 220“ F., ' 
the ernjr, if, any, will not l»c large. It must, of course^ be /inder- 
spjod* that tips applies to l^ull-load rortning conditions oilly. If the 
engine be throttle-governe/1, the ijuantity df c.harge drawn'inljj the 



ANALYSIS OF A MODERN GAS ENGINE 


43 


cylinder on light loads will be much reduced and the temperature 
will therefore be higher. On the other hand, if the engine be 
governlid by missing explosions, then the charge drawn in on light 
loads, following a missfire, will be at a lower temperature, since 
it will be mixed with air only and«no products'’of combustion. 

Taking the teniperaturc at the pplnt c as 220“ F., or 679“ abso- 
lute, it is now accessary to find the 
temper.*ture at the point d. Frf)m 
c to d» the compressiaft is not truly 
a<liHl)atl<*-, because during the latter 
part of this stroke heat is given up 
to the cylinder walls. Experience 
has shown that with engines of about 
this size a tolerably (torrect result 
^ will be obtaiiu^d if the .value of the 


-496-I9 lbs 



/ r^-55-8lt)S 
Tj- 2656* 


Fig. 12 


index be taken as 1-3.5. In this case the temperature at the point 
d cun be found from the formula 

T, = T X 6^-» ' ’ • 

= 679° X 6“® 

= 1270“ F. absolute, 


and the pressure from the formula 

= 1» X 6^ • ' 

= 14-7 X , ' 

= 14-7 X 11-23 

= 1 65 lb. per square inch abkilute.^ 

j 

The*rise of, temperatn^e during rompression amounts to 591“ F., 
and the work done, on the gases can bu i-alculated ironi the curve 
illustoated in fi^. 10, which g^?s the intprmil energy per cubic foot' 
of th^Vorking fluid at Varying temperat4,ires, and which takes into 
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ac(*ount the increase ^,'f specific heat with increase of temperature. 
For the sake of simplicity, let it be supposed that the cylinder con- 
tains 1 cu. ft. of gases, of which approximately 927 per (tent by 
volume is combustible mixture, and 7 ‘3 pei- cent residual exhaust 
gases. Stai;ting at 6 /O'" absolute;' this mixture has been compressed 
to 1270^ or through a rise of tjuiipei’atiire of 59 1 ° F. The thermal 
capacity, calculated from tlie specific heat of the gases given by tlie 
internal-energy curve, may lie taken as l()-5 foot-pounds per cubic 
foot per degrtH Fahreniieit within the range of tenipcu'a^ure of the; 
compression stroke. The total work done on *the gas(\s during com- 
pression, therefore, amounts to 

' 4 

10'5 X 591 foot-pounds = (5205 ‘foot-jumnds. 

To sum uj). Between the ])oints r aial d the gases Jiave been 
compressed into one-sixth of their oiiginal volume, their pressure 
has been, raised from 14*7 Ib. per sijuare inch absolute to 1(35 lb. p(jr 
square inch, their tem])erature from (579'" absolute to 127(1^, and the 
work done ui)on them amounts to 02(^5 foot-pounds. 

Let it be assumed that the fuel i»sed is ordinafv illuminating or 
town gas, having a caloriti(*. value of (500 TiritisJi Theiaval Units per 
cubic foot, aud that the*])ropurtion of aii* to, g§s is as 9:1; that is to 
say, 16 per cent of th(‘ mixture is gas and 90 jmu- (*ent air. To this 
inixtuii^^ there has been added 7*3 ])ei* rent of inert gases, so that 
the actual proportion of gas in th(‘ cylinder is 


10 X 927 = 9*27 j>er cent. 


Ihe actual volume of gas, therefore, amounts lo 0 0927 eu. ft. 
The heating value of the gas amounts to 

0‘0927 X (500 = 55’(3 B.I’.U.s, oi' 43272 foot pounds. 


To this must lie addcid 6205 foot-pounds, the work of coni- 
pression .niakinif the total heat availaljle at the jvtiut J3 

‘ * 4:V.!7-J 

• 4!MS7 fool -pounds. • 

* 

After ignition the volume of the produe.ts of combustion is 
slighsily reduced, tlie coittraction 'In'iiig about 3 j)cr“c.eiit jvheii 
reduced to the .sarfic temjyrature and pres.^ure as before; tl^Atis to 
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say, the 1 cu. ft. will after combu-stion be reduced to 0'97 cu. ft., and 
its internal enerffy will be 


49477 X - — foot-pounds per cubic foot 
0-97 


= 51007 foot-pounds per culnc foot. 


From the curve of internal energy ,of theVorking fluid (fig. 10) 
it will be seen that the corre.spondiug temperature is 3480“ F., or 
3939“ F. absolute. The pressure at tje point c is 

• 3939 * * 

0'97 X ^ 1 65 lb. per square inch absolute 

* = 496*15 lb. per square inch absolute. 


Thus tfie iTMi.xirnum^pressure is 496 1 5 lb., per square inch abso- 
lute 4ind tfie maxiijium temjierature ls^3939° F. absolute. From e to 
^tjie highly heated gases arc expanded, doing work on the piston. 
The cxjtaiision curve will follow the law, /)r^ = c, but, on account 
of the nature of the* working fluid, and the practical conditions, 
the value of y for adiabatic expansion will not be equal to 1*4. The 
true value ofc *he iy^ex depends, of course, upon the specific heat of 
the gas, which \arics ric^-ordiug to the temperature; consequently a 
m(‘an \alue must Itf* found, wlii<-h will be approximately correct 
b<*tween the limits of temperature during the expansion. Such a 
value can only be found by trial and error, and for this particular 
niixtuj'e if the value be taken as 1*22, it will give a very close 
approximatit)n to the true ex|)ansi(ui cuiwe. The teinpeiature T^ at 
the end of the expansion will therefore be ^ 

'\\ = 'r.. (p-i 

= 3939 4- 6®" 

= 3939 H- 1*483 

= 2656“ F. absolute, or 2197“ F. 

> ' 

The pressure at the point / will be 

IV = Tb -r 6^* 

= 496*15 -r 6*-- 
= 496*13 8*895 

*=» .55*8 lb.* per square inch absolute. 

• i 

JiJeferring again to the cur\4* of inteiiual energy, it , will be seen 
that'tfie total energy of*1 cu. ft. of the 'V'orking'fluid at a tempera- 
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ture of 2197° F. is ap(jroxiinately 26500 foot-pouuds per cubic foot. 
Allowing for contraction, the total volume of the ga.se8 in the cylin- 
der after combustion is 0‘97 cu. ft., therefore the internal energy of 
the working fluid at Ijhe end of the expansion stroke is 

26500 X 0'97 foot pound — 25905 fottt -pounds. 


f 

The toti.l internld enei'gy of the working fluid at the point e 
was 49477 ft,-lb., so that the energy, exerted on the piston during 
the expansion sti'oke i.s , 

49477 - 25705 = 23772 foot-poamls. 

( . 

Of «tlfis, however, 6205 foot-pounds wore ab, sorbed in comjjro.ss- 
ing the gases before eombustiou, so that tln^ net useful whrk 
amounts to . * , ■ 

23772 — 6205 « 17567 foot -pounds. 

i» 4‘ 

Now the total energy obtainable from the heating value of the 
gas was 43272 foot-]X)unds, anti the tlK'rmal eflieieney is therefore 


17_5^- 

43272 


40 6 per cent. , 


I K I 


Tins then is tlie ideal eftieiejiey which miu^ht ]»e expected from 
an enjjfiiie liaving a eonipression ratio of O;], and working with a 
10-per-cent mixture of gas and air. 

If the volunie of ga.scs in the cylinder at the end of the suction 
stroke, when reduced to standard picssui’c and tcinj)cj-atuj-e, was 
exactly 'f cir. ft., tlien the actual us(‘ful energy available would be 
17567 foot-pounds. In the particular engine now undej- considera- 
tion, the actual voluim* of the gases retained in th(‘ cylindei' at tin* 
end of the suction stroke will be slightly less than om* standard 
cubic foot, for reascais connected with the volumetric ehit'iency 
which will be explain^^^l latcu*. In an engine of these dimensions 
the volume retained in the cylinder may ))e taken as 0’li7 standaid 
eubiv'. foot, ^ and the available energy will therefore l>e approximately 
17()5[) foot-pounds. 


• To obtain tlic ifiean pr(\>sure on the piston, all that is jmeih^l 
is to divide the nuinlKn- of fooj-jiounds u.^efully (‘UijJoyed* dui’ing 
the exi)ansion stroke 1)}' the stroke, of the piston in leet: — .. 


•m)50 

1^5 


113G6 Ik 
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EiXpresiScd in pounds per square inch the meaii effective pressure is 


11366 

1131 


100 ‘5 lb. per square inch. 


The indicated liorse-jjower can now be arrived at as’ follows: — 
The engine being ibur-cycle and single-acting, there is one power 
stroke in every four, that is, in every two revolutions. At 240 
R.P.M. there are 120 power strokes per minute, and the effective 
Energy of each stroke is 17050 foot-pounds, so that the indicated 
horse-power will be 


m.50 X 120 
33000' 


62*0 indicated horse-power. 


Heat ^Losses — Influence of Strength of Mixture. — 

To sum up these lesults. It is clear that* if combustion were 
instantaneous and complete, and if no heat were lost to the cylinder 
walls during combustion or expansion, then with a 10-per-cent 
mixture of gas and air this engine should develop 62 ’0 indicated 
horse-power. Its hidieated thermal efficiency should be 40'6 per cent, 
and its mean^ejfective pressure should be 100‘5 lb. per square inch. 

With the engine in» (piestion, which may be regarded as typical 
of the best ihoderiq practice, an indicated thermal efficiency of 

abotit 35 i)er cent or — = 86 per cent of the po.s.sible efficiency 

may be expected; that is to .sjiy, of the 17050 foot-pounds available, 
about 14700 will be converted into u.seful work, and about 2350 will 
be lo.st. Better results than this have beein.recorded, but o'enerally 
under rather excejttional conditions. Of the 2350 foot-i)ounds, or 
14 per cent, unaccounted, for it is probable that about 12 per cent 
is lo.st as heat to the cylindt'r walls, tlu* remaining 2 per eent is to 
b(‘ accounted foi- by incomplete combustion, and the jiartial opening 
of the exhaust valve before the end of the expansion stroki-. If, 
at the .same time, the amount of heat carricAi away by the cooling 
water weie measured, it would be found ti> amount to fr\nn 25 ])er 
cent to 28 per cent of the totiil heating value of the fuel, and this 
has led engineers to believe that the heat lo.ss to the evlmder Walls 
cltlTirig coml)UStion iuid expiinsioi# is very mueli greasier than it 
really is? • * • • 

RcCent resc'.arclies hy Dr. Dngald Ck^’k, Prolessor Hopkiiison, 
and liav^. proved beyoiifl all ])os:4ibiiity of donbt that the 
heat ToSlfe during combustion and cxpansLui usually does net exceed 
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about 12 por cent in the case of an engine of this size, using a 
working fluid of this density. The remaining 13 per cent to iO per 
cent is imparted to the cylinder walls during the exhaust*' stroke; 
more particularly to the walls immediately surrounding the exhaust 
valve, and 'that part*" of the exhaust pipe which is included in the 
combustion head easting, and therefore water-fkeketed. At these 
points the ^velocity »of the, exhaust gases is exceedingly high, and 
they consequently yield up their heat vcny much more, rapidly, 
but this heaf'has abeady b^n accounted for and included in thtf 
exhaust losses. There is also tjie slight loss “of heat to the cylinder 
w'alls during the compression stroke, but the amount is so small 
that it is hardly worth considering. Tests^ made on two-Aj'cle gati 
engines, in which the exhaust takes place through ports and is 
generally cooled from a separate source of supply, show that the 
loss of heat to the cjlinder walls is generllly from J 4 per cent to 
16 per cent, which is in tolerable iigreement \Vith Dr. Clerk and 
Professor Ilopkinson’s conclusions. * ‘ 

The actual results that would be obtained, from this engine are as 
follows : — , 

Indicated horse-power ... ... * 5HC>. * *. 

„ thcriual efficiency' ... , *35 j)er cent. 

• „ mean pressure ... ... .S6 4 lb. per square inch. 

^ • 

If, instead of a lO-pcr-ceut mixture, a 1 3-pei-eeiJt mixture were 
employed, tlie ideal eftieieuey would fail from 40 0 pei' ('ent to aliout 
36 '5 per cent, and tlje actual eHi(*iency would fall to al)out 30 per 
f'put. drop ill the. ideal elHciency is due to the gi‘eater specific, 

licat of the gases at tlu* liiizlier temjieratnre, and the still gr(*ater 
drop in-^tlie actual efficiency to the larger proportion of heat lust 
to the cylinder walls, due also to lh(' higher tenipei‘ature of the 
gases. In this ensv, without going through all tlie necessary steps 
of the calculation, ' the heat supply will lie 54500 foot-pounds, 
])liis 6033 foot-pouijft.*^ for compression, making the total energy 
of the g^s(‘s 60533 foot-pounds, or 67500 foor-jK>uuds per (*ubic 
foot, allowing for contraction after combustion. From tlie curve 
of iftteriial energy,^ tlie corresponding temperature will be 4650" F. 
absolute, a/iid the maximum pivssun; will be 604 lb. per Svp'iftie 
iiieli absolute. The lerufierature at the,(fud of expa.nsion will be 
3390'" F. absolute, and tjK* energy lost to exhaust wMl be* 34600 
foot-pounds. Of this, 19900 foot-pbunds will be us/dully emj)iQyed, 
thus giving a theoretical #t^ffiejene.y of 36’5 per c(‘iit. In tJTis case, 
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however, the higher temperatures ruling in the cylinder during the 
expansion stroke will increase the lieat loss to the cylinder walls, 
aiul it is probable that, the actual efficiency will not be more than 
85 per cent of the ideal efficiency. 

The actual results that may b% expected vvith a 13-^er-cent gas- 
and-air mixture art;: — 

Indicjitfifl horse power • ..* • 61*5 • 

„ thermal efficiency ... 31 percent. 

„ mean effective pressure ... 99 o#* 

If a much wchej: luixture tlfan t3 per cent be employed,' ft is 



prolialilc tliat there will^ not be sufticuMit oxygen jircsent for com- 
[)l('t(* coinlmstion. and tlie ctliciency will fall away rapidly with any 
further incr(*as(* in th(*. jiroportion of gas. 

These ligures serve to emphasize the fa(‘t that, although the air 
standard efticiency is the same for all niixs,ftre strengths, the true 
ideal eliicienev depends very gr(*atly upon the pi'ojioiyon of gas • 
pres(*nt, and falls away ra])idly when rich mixtures involving Very 
high ttmiperatures are employed. They also prove that* the highest 
ifl^',ated etiii'imu'y will be obt^iined with tlie weakest possible 
mixtures and* the lowest* maximiun temperatures. Unfortunately, 
however, if much weaker tluin 9 per ceiit, the mixture may fail to 
iguite, anti eombustion will*eft.her jjot.tiike place alkali, or •be so 
seriSiAily delayed as to be in<*ompletc> even *at the end of the « 
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expansion stroke. The curves illustrated in fig. 13 give (a)* the 
air standard efficiency for this engine, which, since it takes no 
account of the changes in the specific heat of the working fluid, 
remains constant througliout the full range of mixture strength; 
(6) the ideaJ efficiency as calculated al>ov(' from the curve of internal 
energy, taking account of changes in specific hear; this latter is ap- 
proximately a straig|itiline, and meets tlie air standard efficiency line 
at the point of no -heat supply, that is when the working Huid is 
pure air; ((*)*.the actual indicated tJiermal efficiency cs obtained 
from a modern high-class engine of this size; and {d) the actual 
nu'an ettective pressuie. 

Although the actual and ideal thermal (efficiency cuives rise 
steadily as the strength of mixture is ivdiua'd, the i-ange of mi.xture 
strength (»ver which it is possible to obtain rapid and comph'te com- 
bustion is very limited, and is indicatiHi apj)roximatel\' for town 
gas by the full lines drawn on the a(*tual efficiency curve. From 
these it will be noted that the highest ideal efficiency obtiiin- 
able with this engine is about 41*5 ])(‘r cent. The [)ercentagvs of 
mixture strength along the horizontal lint' of the curve are given 
in terms of H.T.U.s ]U‘r cubic foot. Tlie efficit'nt'V curves are (*alcu- 
latcMl for average town .gas, but tiny will be found to be a[)proxi- 
matt'ly correct for fuels of any heating \alue within certain limits. 
If it wt'H' possible by some nu'ans to burn wtviker mixtures, 
it is (hear that a higher efficienc\ would be obtained. Suj)pose, 
f(.)r the sake of illustration, the,(*ylin(ier to be filled with ])Uie aii-, 
or inert gases, and that a paper bag containing a 1 ()-per-(?eiit 
mixture of gas and air were* insertcMl. Then, if at the end of the 
c.oniprt'ssion stroke the mixture Avere ignited, and the bag burst, 
liberating the burning gasc's in an ('xc('ss of ])ure air, or even ])ro- 
ducts of combustion, the ideal ('ffi(*iency would be v(‘i y muc.li higher. 
If the ccjntents of the pa])er bag amounted to 20 ])er cent of the 
cylinder volume, then the mixture after c.oinbustion, and the Imrst- 

ing of the bag, would b(? x = 2 ])er cent gas and .08 [kt 

cenF air. Under th(*.s(‘. conditions the ideal efficiency wcnild be 
nearly 49 pei- cent, and since the maximum tem])erature would only 
be' 1740° F. .absolute, or 1280° F., the Ions of heat to the cylixid.r 
walls would b(*. exceedingly small, and an actual thermal efficiency 
of between 40 per cent might be obtained. It 

must* be noted, however, tjiat undei these circumstances the luean 
effective ])ressure would enly be about 19 lb. per square iheh. 
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and^the indicator card obtained would be somewhat as shown in 
fig. ll.^ 

A somewhat similar result might be achieved by means of strati- 
fication; that is to say, by so charging the cylinder that, while the 
main body of the combustion spfice contains* only in«rt gases, a 
small proportion of readily combustilrle mixture is retained in the 
neighbourhood of the igniter. Kecent experiejice has gone far to 
show that stratification, within certain fimits, is possible if the com- 
Jmstion ,spa(*o be correctly designed,* and the autlwJi’ confidently 
believes that higher efficiencies^ will Jje obtained in the near fjat^ure 
by the employ meMt of this Y)rinciple. The indicator diagram, fig. 15 



. actual diagiam obtained from tlu^ 
pel 1111 viiLtu riigiiir- when working under these veiw 
conditiojis. * 

All the yneceding results have been calculated on the assumption 
that the tein])erature of the charge at the coiniuencenieut of the 
compression stroke is 220” F., and that its absolute pressure is 
14*7 11). per sijuare inch; lliat is to say, that the cylinder is com- 
pletely filhal with a mixture of fresh chargr^and products of com- 
bustion at the end of the sucthai stroke. If a smaller charge were 
taken in, then, to obtain the same mean pressure and indicated 
liorse-powej*, a richer mixture and higher teni])eratures would diave 
tcHhl* employed, with conseijuent l^.ss of efficiency. It is. therefore of 
the utiiibst impoi'tancc thgit the volumetric efflcieney of the'cylinder 
shall be as*high as possilile. It is also -equally imj)ort^^nt that the^ 
incgming fliargj? shall ])e at a •low temperature, for t^ie lower the 
temjfefftture the greater *the density and* weight 'of charge that can 
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he taken in. Also, if the temperature at c be lower, the whole range 
of temperatures throughout the cycle will be correspondingly reduced, 
or, alternatively, a higher compression may be safely employed without 
risk of pre-ignition or increase in the temperatures. In four-cycle 
engines usifig a mixture of gas aiid air the temperature cannot well 
be lower than that of the suriounding atmosphere, which is generally 
taken as 60" F. But when octroi is used as fuel, the rapid evapor- 
ation of the finely atomized particles of fuel both in the carburettor 
and in the cx’Iinder has the ofiect of lowering the initial temT)erature 
and. RO increasing the weight of charge that (‘an be introduced. 
Consequently a higher mean pressure can be obtained without any 
increase of temperature, and this, in part, accounts for the remark- 
ably high mean pressures and elhcituicies which ai e obtained- from 
modern petrol engines. With two-cych^ engines, wk.en th(‘ working 
fluid is for(‘ed into the cylinder by means of a pump, and therefore 
at a somewhat high tenipcndture, very beneticiaJ results have been 
obtained by the introduction of an inter-cooler between the pump 
and power cylinders. 

From all the above considerations it is evident that the thermal 
(‘fhcicncy of a modern four-<*ycle explosion- engiiu^ is iiot susceptible 
of any great improvement, at all events when running under full 
load. The heat loss to the cylinder walls, amounting as it does 
when running on nearlv full load, and und(*r favourable conditions 
as to mixture strength, to only about 12 per cent of the total heat 
of the fuel, is not susceptible^ of any great reduction. This loss 
must depend upon the differenc(* of teni])eiature b(‘tween the gases 
i*^id the; cylindej- walls. >\u(\ under no conditions can the tcunperature 
of the latter be increased beyond a comparatively low figure without 
imp(‘rillirig the efficient lubric.ation of the piston. It is probable 
that the gr(;ater part of this heat loss is im2)ait(‘cl to the walls of 
the combustion chamber, which an* exposed to tlie gases at the time 
of maximum pjessure, and it is evidcujt that in order to r(*duce this 
loss to a minimum th^, jatio of surface to volume should be kept as 
small as possible. This is particularly important in small engines, 
in which the ratio of surliu-.e to volume is nee.essarily great. The 
difference in exposed surface to volume, howcvci-, between the most 
(jfficient and the most convenient form of comlmstion chain Oei'* is 
not very great, and siiice the loss of heat-even to this part does not 
represent a^ huge percentjyge, the design of the combustion chamber 
is generally-- dictated by other considerations, which will be 'dealt 
wdth later. 


<1 
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'Jb obtain further increases in the thermal efficiency of this 
engin^means must be found for: 

1. Acreasing the weight of air that can be taken into the 
cylinder per cycle, either by cooling, scavenging out the residual 
gases, or supercharging the cylindA’, or, of coufse, any oombination 
of these three methOds. 

2. By making the utmost use of stratificaliqn, which^ combined 

with superchai'ging, would enable high mean pressures to be obtained 
Jirith low, maximum temperatures and p|ressuics. •• 

3. By utilizing th<? heat rejected to the exhaust either fo? the 
generation of steam, or by the use of some form of regenerator apj)lied 
tb the working fluid itself. 

4. By increasing th(*. speed of j'otatiou, so that the time during 
which the liightv heated gases are in contact with the walls of the 

^ Cj %/^ o 

cylinder pej stroKC is reriheed. The reduction 6f heat loss, however, 
will not in this eaSc be anything lil?e*proportional to the increase 
of*specd, because with higher speeds there is greater tui'biilence in 
tlie working fluid, and ju (consequence it will imjmrt its heat to the 
cylinder walls at a greater rat(^ There are, however, other reasons 
in favour of aif increase of piston and rotative speeds. The length 
of stroke also has a* (•ertain bcairing upon the thermal efficiency, 
because a longer .stroke generally permits of higher 2 )i.ston .speeds, 
and, a more c-omjiact clearance or combustion Sf»aci'. To illustrate 
the latter point, supjiose that, as is .sometimes the ca.se, the* head 
ot the cylinder is a flat plate. 'J’hfn if the comjiression ratio be 
6:1, as in this case, and the str(.>ke equal to the diameter, the 
working fluid is compressed into a .sjiaee of ^hich.the length is onl^ 
one-fifth of the diameter, and the ratio of sniface fo volume ex- 
tnmicly unfavourable, (^n the other hand, if the .stroke were equal 
to live times the diameter, then the length and diameter of the 
clearance .sjjace would be equal, and the most favourable ratio of 
.surface to N'olume would be obtained. .Such* a length of stroke 
would be. quite iin^iracticable for uu'clianicahfi'asons, but the illus- 
tration serves to show the. advantages of employing as loqp; a stroke 
as is consistent with practical requirements. 

Influence of Nature of Fuel on Power Output and 
E/ifltiency. — It La.s already beeii#oinphar?ized tliat the .mean eflVe- 
tive pre'ssure dfeponds primarily up^n the woight of air that can he 
taken •into the (‘vlirulor per cycle; .since* ^othcr things being equal, 
tlie«iflJiiuaCe poj^ver output of^ ah engine •d(*poiids upoy, the w^^ight 
of oxygen that can he burnt in a given^tiine. The mean pressure 
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depelids also upon the efficiency with which the fuel can be burnt, 
upon the heat of combustion, and is influenced by any change in 
the volume of the working fluid before and after combustion. In 
the case of some fuels, sucli as petrol and alcohol, the volume* after 
combustion*' is some 5 to 6 per* cent greater than before, whereas 
Vvdtli ordinary illuminating gas it is some 3 per cent less. It is 
obvious tl\at the chahge i, unspecific volume has a considerable and 
direct influeiuH* on the mean effective pressure and efficiency. 

The calorfhc value of th'e fuel aflects the power output of an 
engine only in so far that wlicii fuels of low calorific value are used, 
a considerably greatcu* volume of fuel must be taken into the 
cylinder, and a^ similar volume of air is therefore displaced by it. 

' The heat of (combustion, that is to say tliic total amount of heat 
liberated when all the carbon in th(‘ fu(‘l has be(‘i7 (converted into 
COo, and all tlu^ hydrogen to HJ), has but 'little connectiw with the 
calorific value, and in fact*' the heat of combustion of all hydro- 
carbon fuels is sulistantially the same; it only varies appreciably 
when the fuel contains nitrogen or (jthcr iiurt diluents in addition 
to h 3 alrogeii and carbon. , 

On the other hand, the" piesen(*e of diluents in the gas tends to 
raise its self-ignition temperature and piyssM]-e, and so permits of 
the lice of a higher compression ratio, thus incieasing the efficiency, 
and therefore, so far as tlu^ mean pressure is conecerned, compensfitiug 
to some extent for the reduced iveight of air. Also, there is some 
evidence to indicate that the presence of diluents tends to incr(‘ase 
the range of burning, and so permits of tlu* use of w(‘aker mixtures, 
;*nd a Jyxycr max.imuni tiuuiuu-ature, with the result that a still 
high(*r efficienc.'V can lie obtaine<l, though, in this (case, at the expense 
of power output. 

The following table gives, column 1, the a])].)roximate heat of 
combustion in terms of B.T.l .s per cubic foot of working fluicJ (that 
is air ami gas in the pioportion requiied for complete combustion) 
of a numbei- of fuels'; other things lieing ecjual, this might be 
interpretiW as the relative power output available with eacli fuel. 
Column 2 gives the approximate compression ratio permissible 
with each fuel, column 3 the efficiency ('orresponding to this com- 
pression ratio, and c(jlumri 4 th(?i mean effective pressure baseefon 
the following assumptions: ' 

1. That the volumetrijj'cffic.iency, expressed in terms of standard 

pressure and temperature, »is 75 per cent in every case. ’ . " • 

2. That there Is no change in specific volume. 
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That the efficiency with which the fuel is burnt is, in all cases, 
G4 p^cent of the air cycle efficiency for a mixture strength giving 
maximum power. 

In column 5 is shown the moan effective pressures obtainable in 
practice after making approximatefallowances 3i each case for — 

1. The change ^n specific volume. * 

2. In the ease of both petrol and 'benzol the^ volumetric efficiency 
will l)e somewhat higher, because the fuel is seldom completely 

I evaporated* before entering the cylinder, and some«(5f the heat of 
the residual exhaust bi'oducts is absorbed in overcominfi[ the latent 
of evaporation of* the fuel, with the result that the suction teinpera- 
*ture is lower, and the weiijht rtf charse jrreater. 

3. Owing to the wide variation in the heats of eombusticui ^ind 
tlnuefore of the flame temperature, the efficieuc;y with which the 
fuel^is bumt will vary fo some extent; it will clearly be higher, for 
example, in tin; case of a blast-furmfe»* gas. which consists mainly of 
inert <lilucnts, than in the case of petrol or benzol, which ceJntaius no 
diluents at all. 


Table • 


^ 

B’ui'l.* 

• 

1 

• 1 

I'-.T.r.s 

JM'I’ CU ft. 
of Mi.xtnrt; 
witli .\ir. 

•j 

Snitiible 

C<un]iir.s8iun 

Katio. 

•> 

u 

Effieiem-y 
ptT cent. 

Mean 
Pressure 
lb. ))er 

S(i. in. 

T) 

j#e vised 
Mean Privs- 
.si^e lb. per 
S(p in. 

1 

Illuminating ^as 

89 

t 

(■» : 1 


118 

no 

j (V)k(*.-pro(luccr 

r>7.ri 

O.T): 1 

33.8 


91.5 

Antliracite-jirodiicer i^as 

08.0 

o.r»:i 

• 33.8 • 


. . • 

blast furnace gas 

r>9.5 

7 : 1 

31.5 

‘83.5 

S5 

(.'oke-oven gas ... 

91 

n • 1 

30.1 

11-J 

nc 

fVtrol 

• 99.5 

T) : 1 

30.4 


i:?s 

benzol ... 

U)U 

0.5: 1 

33.8 

1 137 

150 

1 


The .above results, particularly those, in column a. must be 
regarded as apjn'oximations only, for A’ery little .acem'ate data is as, 
yet available. They are, however, probably accurate to*withiM ± 5 
per cent. 




CHAPTER 


I , 

MECHANICAL EFFICIENCY 

« 

« 

'' I 

,Td all tliesp calculations only the indicateU horse-power has been 
consideied. The conditions governing the mechanical^ eHie.iency hive 
already been outlined) but will now he investigated in more detail 
in relation to this particular engine. As has been explained, these 
cannot always be reconciled with those reijuiri'd for maximum indi- 
cated ehieieney, so .that a compromise must be. efrected'.' It has 
already been shown that in a modern four-cycle epgine the relative 
ethcieiicy, that is, the i-atio between the actual and iil^^il efficiencies, 
is about 8() ])cr cent to 88 per (tent, and thc„ lii'echahical (“fficiency 
is about the same; in other words, the avoidable losses, both thermal 
and mechanical, are just about equal, and their recovery is therefore 
equally important. This is a ])oint that must be borne in mind 
when deciding upon a compromise between thermal and nu'chanical 
requirements. Taking the typiital engine in question, which will 
probably have a mechanical efficiency under full-load running con- 
dftlon.'j, 'of'C? .per Vent,' then, as ha.> already been shown, with a 
mixture strength of 10 jier c(!nt, the indicated horse-power will be 
53'5 and the brake hor.se-jmw('r 

X o3'5 = 4Cr5 B.H.P. 

100 
< . 

Also, the indicated thermal efficiency is 35 pei cent, and the. 
brake or net thermal efficiency will be 

S T 

X 35 per cent = 30’5 per cent. 

100 ^ ^ 

I 

I • 

The mechanical lo.sse,s, .therefore, a.mount to 53'5 — 4G''5, or 
*7 horte-povvei^ and, under yormal cdnciiticjiis, will be^ accountedi .for 
as follows: — 
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Pumping rO horse-power. 

Piston friction ... ... ... ... 3() „ 

•Other friction (Vieaiings, valv'cs, &c.) ... 15 „ 

Total 7*0 

• • 

From this it wijl be seen that j)isl;on friction forms* by far tlie 
largest item and amounts to more than half of .the total loss. A 
proportion of this loss is, in the authoWa opinidn, preveatible, and 
later in this volume the question of piston friction is.discussed at 
itonie length. But, before proceeding* .further, it may be well to 
point out thal^ there is good reason- to l)elieve that piston frictffm 
is mainly dependAit upon, and due to, the inertia of the re'^ii])ro- 
catiug masses, though th#re is, of course, a certain amount of constant 
friction due to the piston rings. During the first half of each stroke 
the crankshaft ifi»doing work in accelerating tUe piston, and dujing 
the second ‘half this work is returnmi to the crank, less a certain 
pejcpntage lost in frictioir, which is more or less proportional to 
the inert ii^ jnessurcs. In this jjarticular case, if the weight of the 
recijuocating parts l)e ’taken 4 is 5'li lb. per square inch of piston 
area, then the maximum pres.sure due to their inertia is approxi- 
mately givey f'y tliq formula 

. F *=• 0-()0()17«-n*s, 

where = weight of reciprocating parts pei' square inch of 
piston ai-ca, 

71 = revolutions ])er miiuite, 
s = stroke in feet. 

In this case, the value of F will 

F = ()-00017 X 5-3 X 240 x 240 x l a 
= 77 ’8 11). ])er square inch. 

I’lie mean ])ressure per stroke, negh*cting for the time being the 
angularity of the connecting-rod. which has no particular infiuence 
on the point in qiu'stion, will be 

= 38 '9 lb. per .stpiart' inch. 

t 

^lis is tlic moan pri‘ssure, in toxins of pounds poi* square inoli of 
])ist()n ui'oii, diKi^to tlio inertia of tlio*ivcipi*oi.*at*iiu>; nlasses, and since 
it 0(*(*.urs t}iA:nigiiout (‘\’erv stroke it inust j)c nuiltij)lied .by four in 
ordci*4o make it comparable to'tlic useful uican linid in tjic cylinTler, 
wliich* Blounts in this case to 8()*4 lb. pc** square* inch. Tlie total 
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pressures therefore acting upon the piston and tending to produce 
piston friction are: — / 

Useful fluid pressure ... ... ... 8() 4 lb. per square inch. 

Pressure due to inertia (3S9 X 4) ... 155 0 „ „ 

Fluid pressure (luting idle strobes (exhaust, 

suction, and compresffion) ... ... 5Lr() „ „ 

•Tof>il 2930 1 „ 

• * • • 

From the al)ove it will be seen that of tlui total pressures 
acting on the? piston tlie mf*an positive fluid pressure •amounts t^ 
onJy-SO per cent, and therefore Avi(Je variatfon in the fluid pressure 
will Jjave only a (comparatively small influence oiiilie piston friction. 
The ^proportion tof tlie total pressure on th^ piston that is *<absorbe'd 
in*friction will depend largely upon the temperature of the cylinder 
walls, which controls the visco.sity of the lubricumt, the area of 
piston in contact with the walls, and the efticieni'y of the, lubrication. 
W ith normal temperatures normal lubricati()n it lias been found 
to amount to about 2 per cent, which is e(juivalent in this case' to a 
in(*an pressure, wlidn referred to the power strok(‘. only, oi 5*9 lb. per 
.square inch of piston area, or 3’G Ijorse-power. The friction of the 
piston rings and tliat due M the fluid pressures durinj^the idle strokes 
Jiiay be regarded as constant, and c(|ual to ttpproxiinat(‘ly 1 lb. per 
squape inch; this is practically unaflected by any clulnge in the load 
or speed. 

In support of the aliove distribution of th(‘ in(»chanical and fluid 
losses the author will quote the following puldished tests, which have 
been carried out with a view to determining this most important 
‘4V.)int. . JTn fortunately^ in no case is the weight of the recipro(*.ating 
parts recorded. 

1. Professor llojjkinson, in his tests on a single-cylinder Orossley 
engine of 11*5 in. bore and 21 stroke, found that under normal con- 
ditions as to jacket temperature and lubrication tlu* losses were as 
follows when the engine was indicating 41 l.ll.P., its most e(*.onomical 
load, and running at f SO Ji. J\M. = 030 ft. per minute piston speed : — 


Ffaid loss ... 
iMjton friction 
Other friction 
Total 


14 

2-5 

11 


h(jrse-jJowcr 


rt 


5 0 


3'4 per cent of I.H.P. 


(il 

27 


>» 

)} 


1 22 


• • • 

The mechanical efficiency tiierefore rfmounted to 87*8 per cent, 

^ rho fluid and inertia jiifcKRijres*iu-tinff upon iiie*pi.stun arc not, of couiki*, akA'ays cupiulative; 
their actual relafion will ho oxjilainoJ latiir, hut for the purpt'HOH of tho jirr.siTit aririiniont tHV*y may 
fie regarded as lajing cumulative without affecting the concluaionH to any mateiial degrtl. 
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and^^e piston friction accounted for just one-lialf of the total fluid 
and faction losses. A further and more detailed survey of this 
important question is given in another Chapter. 

2 . Mr. Herbert Chase, in his tests of a six-cylinder Pierce Arrow 
petrol engine in the laboratory of ‘the Autoraot)ile CluV of America, 
obtained the followiim results. 

The engine IukI six cylinders, each 4^, in. bore and 5^ in. stroke, 
and, judging from the size and lift of its valves and the design 
of the engine generally, the' normal *j)iston .speed «d!f this engine 
.should be about llOrt ft. per^minptc, corresponding to a rotaj^ive 
speed of 12d0 R.P.M. At this speed the following results were 
littained : — 

; Indicated power ... ... ... 73‘5 liprse-powcr. 

Brake horse-power ... ... ... ()40 „ 

Mechanical efticiefccy ... ... t?7 l per cent. 

.Very careful tests were made to ascertain tlie ineclianical and 
fluid losses, and tlicso, with normal jacket temperature and lubrica- 
tion, amounted to: ‘ ) 

Fluidloss * ... :V4 hoi^-power = 4*0 pf-r cent of I.H.P. 

Pistop ijiactioii 4*7 „ = 0*4 „ „ 

Other friction ^ » 1*4 „ = I f) „ „ 

Total ... 9*5 „ = 12*9 


•Here figai]i the piston friction amounts to almost exactly half 
the total losses. In this ease both the piston and rotative speeds 
are miadi liiohei* than in Professor Hlopkinson’s tests, but the size 
of the valves and weight of the reeii^rocating parts are proportioned 
for the hiolior speeds. ' • ^ ^ ^ 

n. Mr. h. (J. Mi )rse, in his tests on an old })altern of Daimler 
engine in the laboratork's of t^ambridge University, obtained the 
following results. 

This engine had four cylinders, each of S’od in. bore and 5*11 in. 
stroke, and was intended for a normal speed ^of 1000 E. P.M., equal 
to a ])iston s])eed of S50 ft. per minute. • Tests, however, were 
carried out at speeds of 720, 1000, and 1220 E.}\M., and the follow- 
ing results W(U*e obtained. / 

^riie losses in relation to the indicated horso -power at the three 
vliflereirt sijeeds wei e found to be as follows i-j- 

• j • 

R.y.M.. • 720 1000 1220 

2*9 per cent il*S cent (j*«S per cent. 


"Fluid loss 


^ • /fotal friction . . . 5*7 

Total ... 8*0 


9;2 
13 0 


n*4 ^ 
' 18*2 


>1 
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The mechanical efficiency amounted therefore to 9T4 per ccv<i at 
720 R.P.M., 87 per cent at 1000 R.P.M., 81 '8 per cent a/ 1220 
R.P.M. Unfortunately, no attempt was made to separate the 
piston friction from the other friction losses; but if it be assumed 
that the other sources of frictioii* bear the same proportion to the 
total as in the Pierce Arrow 'engine, namely, 1*9 per cent in each 
case, then the pistor IViction^ amounts to 3 ‘8 per cent, 7 '3 per cent, 
and 9‘5 i)er cent respectively. The high fluid losses at 1220 R.P.M. 
are to be accOiiiited foi' bv the fact that the valves of this engine 
w'er^ not large enough for .so high a .speed. 

Losses other than Piston Friction.— Returning now to 
our original engine, the jjuniping losses, which ai(* not nioiely 
inechanica], and will in future be referred to as fluid losses, amount 
to rO horse -power, or rather less than 4 ptu* cent of the total 
indh'ated power. This is the loss incurred i‘n expelling the products 
of combustion and drawing [n tlie fresli (diaige. From both iho 
mechani(‘al and tluu-mal points of view it is dosirabh* that tills 
loss should bo reduced to a minimum. Its .reduction (*ah only be, 
brought about by the provision of large valves, and caieful design 
of the jhpework generally, in orde? to avoiil siidd.oi chang(*> of 
velocity, and take advantage, where possililo; of tlic inertia forces 
of thcL gases in the exhaust and inlet ])ij)(‘s. 

The third item, namely, bearing friction and the jiower i-(M|uired 
to operate the valvivs, amounts to about pc^r cent of tlic total 
indicated horse-power, and is probably not susceptible of any gn‘at 
reduction. The j^rovision of an amph* sujiply of lubricant, fonuMl 
through the bcaiings urjder tu’cssure, will cfl'ect a slight j-eduction 
in the loss from this sourct*, and the adoption in Ingh-.^jx'cd luigines 
of ball bearings foi* the crankshaft s(‘cms to lie a .stej) in tin* right 
direction. Sucli beariiiiis are perfectly reliable, but the jiriiieipal 
objection to their u.s<^ is that they are apt to be somewhat uoisv 
under iutiu-mitteiit hjads. IJeaiing friction, hovv(*v(*r, is the smallest 
item of tht‘. thi-ee, and 'i^ousequeutly it is not worth while* d(‘volirig 
much time or ingenuity ov(*i* it. It is of* far great <‘r iniportancc 
to ensurr that tlie beai’iiigs liave ample surface and are not over- 
loaded. 

Fj’om the* al)0^'e conditions it, is evident that V(‘ry little 
timi can lie made in the* Huid and bearing friction losses, and that 
attention should lx* c,onceiitrat(Ml uj)on the*, piston frie*,tion. 

Influence of Weight of Reciprocating Parts. — Before 
dealing with the questiom^of piston friction and piston design in 
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detaV it will be well to investigate the effect of varying either the 
load ^the speed of the engine, upon the mechanical efficiency. It 
may, however, be broadly stated here that the piston friction de- 
pends upon the weight of the reciprocating parts, and that if the 
speed be varied, it increases approximately as the square of the 
speed of rotation. ^ 

Supposing, firstly, that by some means, sudii as air-^sjavenging, 
supercharging, &c., the mean cft'ective pressure could be increased 
5>y (say) 4(^ per cent without’ any increase in the niUximura tem- 
perature, then the piAton and^ bearing friction losses will not., be 
appreciably affe(*.t«d, for it may be accepted that the mean effective 
pi t'ssure is only a small item among the conditions producing piston 
friction. Tlieri if the ffuid losses remain unchanged, the total losses 
will, in this cast', amount to 7‘4 horse-power. The indicated horse- 
power wiU become 75,’ and the brake horse -power 67 '6. The 

niechanical efficiency has now risen “to 

«■ • 

c fi7'6 ,,,, 

* -V- = bO per cent. 

I D 

» 

If the indicatc'tl thermal efficiency be the same in both cases, then 
the net efficiency becomes 

90 

— X 35 per cent = 3 TS per cent. 

100 ^ ^ 

That is to say, although the thermal conditions in the cylinder 
have remained unaltered, the increase in the mean pressure has had 
the effect of increasing the net efficiency ,frora,30’5 per cent tp 
31 ’5 per cent, an increase of about 3‘5 per cent in' the efficiency 
and of 45 per cent in the power. It is hardly conceivable, how- 
evei', that the weight of charge could be increased by 40 per cent 
without increasing the ffuid losses very appreciably, but even so 
there will ])robably be a gain in both the thei'inal and mechanical 
effhuency, in addition to the very large and rJlluable increase in the 
brake horse-})ower. o 

Secondly, supposing that the mean effective pressure^ refflained 
the same, and that the speed of rotation were increased, then 
boSif the fiuid and piston friction will increase more, or less as 
the s(ju!ire of the speed, jind the o^msecjnent* lo.'<s(7s as the cube of 
the speed, ‘'riie bearing friction, however, will vary dirpctly as the 
spewk ' * ' , , * 

E&ect of increased Revolutions. — If the rotational speed 
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be raised from 240 R.P.M. to 360 R.P.M., that is in thccratio 
I'O : I ’5, then the losses will be approximately as follows:- - 


Fluid 

Piston friction 
BeaHn^ friction 
Total 


19 X 1*5^ = 6 4 horso-power. 

:P6 X 1-53 = 12 2 
1-5 X 1-5 = 2^25 

= 20-8b 


The increase in indicated liorse-power, other things being equal, 
will be directly proportional to the speed, and will in this case be 


53-5 X 1-5 = CO-2 I.II.P. 


The brake liorse power now becomes 

80-2 - 20-85 = 59-35, 

and the mechanical etKcicncv 

r 

59-35 . 

„ , = / 4 i)er cent. 

80-2 ‘ 


With a 50-i)er-cent increa.se of .sj)eed, tlie ]f>,ss .of lieat to the 
cylinder walls will be redueed, but l)y no means in jn-oportion, 
l)ecau.se the Jiigher .speed will involve* greater turl)ulence in tin* gases 
in the cylinder, and therefore the ab.solute ratt* of heat How will be 
greater. If the loss of heat to the cylinder walls be 12 })er emit 
at normal speed, with an increast* of speed of 50 j>er cent, this loss 
will probably drop to about 10 per cent, and the indicated thermal 
Qtiiciency will be raised to nearly 36 per c(*nt. In support of this 
the authdl- w'ould refer to Mr. ]\lor.s(*’s tests on the thermal and 
mechanical efticicncy of a p(*trol engine. Mr. IMor.se found that 
the indicated thermal efiicienev, with a given strength of mixture, 
increased from 25 jjer cent at a piston spinnl of 720 ft. i)er niiiiuti* 
to 27*7 per cent at. 1080 ft. per minute. Tins engine, lioing very 
small, had a much gkiviter ratio of surface to volunu* in the com- 
bustion chamlicr, and, consequently, the piT)j)orti()nate heat loss 
durilj^vom])Ustion and explosion was far greater; l)ut in the typical 
gas engine under discussion, th(i author considers that the. increase 
in- indicated thermal efficiency, with an incri‘asc of 50 per cc'Wi. in 
the piston speed quoted above,, is not an over-cstiiuate. Tlie net 
thermal efficiency now licc^omcs 


(t 


74 
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TUgre will also be a further loss due to vibration, for since this 
is a sintle-cylinder engine, and therefore unbalanced, the disturbing 
forces tending to set up vibration will be increased as the square of 
the speed, and will pi'obably become excessive. 

A glance at the above figures is'’sufticient to* show that it would 
be impracticable to hicrease the speed of this engine as it stands to 
360 R.P.M. The increase in brake horse -poX\'e^.' would ,l>e dearly 
paid for by a much reduced net efficiency and excessive vibration. 
TJlie brak/} hojse- power would, however, be slightly* liiglier than 
51)'3, because the reduction in the heat loss will produce a corve- 
sponding increase o-in the mean effective pre.ssure^. Against this, 
lidwever, must be offset the fmtt that the valves are too snuill to 
deal .with the extra v olume of working fluid, and there will there- 
fore be (ionsiderable throttling, whicli will reduces the mean effec'tive 
pi essure to 9 degree that "will probablj much more than counteract 
the thermal gain. 

^ipposing now that the engine were redesigned with a ■\iew 
to running* at 360 ll.J-.M., then, to obtain the same mechanical 
etheieney, the wc'ight of tin' re*;i])rocating parts would have to be 
reduced in the “ratio of 1 to 1’5‘; that Is, to 44 per cent of their 
original weight, or 2''3e lb. per s(juare inch of ])iston. The valves 
and pipework w ill have to be enlarged, and so designed that, >'ven 
at 3^0 IM’.IM., the velocity of tlu' gases when passing through the 
A idve ports is not greater than 1 30 ft. per second. Since the velocity 
of the piston at 360 ll.P.iM. is 108U ft. 2)er minute, or 18 ft. ijei' 
second, it follows that tlu* ratio between the area of the A’alves 
and that of the 2)iston must be as 18 : 130. 1'he effective area, 
of (»])ening of a juip^x't valve is e(|Ual to the area of the valve 2)ort 
when tl'iC lift is e(|ual to one-quarti‘r of the diameter of the j)ort. 
'file r;itio, theivfore. between the diameter of the valve jtorts and that 
of the piston would liaAe to be as 

8 : x/TsO = 4-23 : 11 4^ 

•I ^ 

Since the diameter of the 2)iston is 12 in., the diameterj^the 
valves must be not less than 

4 23 

-- X 12 ,= 4-5. 

11-4 

In })ractif-e it will be preferable to use (ftay) y-iu. -diameter valves 
and neffpce flie lift to 1 in. * « 

Va’l’^'es of this size are jx'rfectly practi,*able, and there will not 
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be the smallest difficulty in obtaining an equally good vol^^etric 
efficiency at the higher speed, while the fluid loss will be /:io more 
than proportional to the speed. Under the revised conditions the 
horse-power absorbed in overcoming the Irictional and fluid losses 
will be as follows : — 


Fluid los'^ ... 

1 Piston frittion 
Bearing friction 
Total 


19 X 1‘5 = 2 85 horse-power. 

X 1-5 = 5-4 
l a X 15 =_2-25 

lo-Fo „ • . 


Since the volumetric efficiency wii’l be. at least as high as before, 
and since the mean pressure will be increased by about 3 per cent 
due; to the reduction in the heat loss, the indicated horse-power will 
now be 

53-5 X 1-5 X = 83 l.H.?., , 

1 00 


and the indicated thermal efficien(‘y 30 per cent. 
The brake horse-power now beeome.s 

83 - 10-5’ = 72-5. 

The mechanical efficiency i.s 

= 87-4 per cent. 


and the brake thermal efficien -y 

30 per cent x 87'4]icrccnt = 31 '5 j)cr cent. 

’ t. 

By i-(*(luc*ing the weight of the reciprocatiiif!; ]);irts from 5 lb. 
to 2 ' 3 () lb., the inertia foir(‘s, and (•ons(M|ii(*ntly the load on the 
bearings, will be uxactl}' the same as with the h(‘Mvier r(H*ipro(‘ating 
masses at the lower sj)e(‘d. 

From the aliove ealuulations it will be se*un that if th(‘ iieu(*ssary 
reduction could })c made, in the weight of the reciprocating parts, 
the brake hors(!-power could be increased from 46*5 to 72 ' 5 , and the 
net fhe/mal efficiency from ^10 5 per cent to 31*5 per cent, without 
any increase in thf^^ viliration or in the load on tlie bearings. Aj)art 
from the gain in tliermal cfficit;jcy, the value of the engine be 
inen^ased in proy)ortion to the brake horse-power, iii this cas(‘ in the 
proportion of 1*56 to 1. The necessary enlargement of the valves 
and pipework will not introduce any serious mechanical difficulties, 
or have an appreciable (ffiect upon the cost, so that there is a 
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coi 3 si(^erable sum of money available to cover the extra cost of 
lightei^reciprocating parts. 

It must, however, be borne in mind that the total amount of 
heat that passes into the cylinder walls and piston has been 
increased nearly in the ratio of 1€:10 x l‘5,*or 25 per cent; for 
the rate of heat Idss to the cylindet walls depends very largely 
upon the velocity of the gases in the cylin^^r, and this again 
dejiends upon the rotative speed. In liuger engines this would be 
Ji seriou^ objection, but in art engine of 12-in. bor«*or less, very 
little trouble need he Tinticipated on tins score. 

As a pracfical*<^xamplc of what can be accomplished by scientific 
!?tiidy, and the reduction of the recij)rocating wmghts, the afithor 
would refe.r his readers to the tests recently carried out b^ the 
(lerman War Office authorities on a four-cylinder "Benz aeroplane 
engine, an^ pulJlished ift 1913. This engine^ runs normally at a 
])i.sLon speed of n<5 less than 1520 ft. per minute, and a rotative 
sp%ed of 1288 R.r.^1. The net thermal efficiency is 29‘ per cent. 
Since the fuel used js petrol, which has a • comparatively low 
ignition teniperatiire, the compression i-atio could not well be higher 
than 5 to 1, «o that the air standard •efficiency for this engine is 
on y 47‘5 per cent. **lf the redative efficiency be taken as 70 per cent, 
which is couskleraldy aboA’c* the highest figure that the author has 
ev(‘r seen obtained by any normal engine of this kind, then the 
indicated thermal efficiency is 3o'2 per cent, and since tlAi net 
efficiency is 29 per cent, it follow^ that the mechanical efficiency 
must be over 87’4 per cent. 

More rciuarkablc" still, tliis high theniinl etHciriicy is olitfiijied 
with Hii iiidiciitecl mejiii pressure of over i*J0 lb. per sijiiiire iuch, 
sliowiijg tliiit ill these, very higli speeds the heat loss to the cylinder 
walls must be very small, and that an exeellent volumetrie effieiem-y 
(*a,n be obtained. 

Effect of Longer Stroke. — lletni ijinj; figain to the original 
design, suppose that, instead of increasing 4*ie rotativi* speed, this 
were still ke[)t at 2 J() JM\]\I., but that the piston speed were again 
raised to 1080 ft. per minute, by a 50-per-eent inere^"'?-' iiT the 
stroke. Then, sin(*e tht‘ volume of working llnid to b^Mealt ^vith 
]>e; minute has been increase<l, it^will be neei^ssary to increase the 
size of the valves and passages as Ji)efore, anrt the* fluid losses may 

' A luimligr of tests wore ciirrii-d out tf.liis eiiifino dfirintj 1011 both hv tfie Acluiinilty aiul 
tlie Office. The^je tests, wliic^ are all in fair iii;reeu*ent, fjive tlie net tl^*rnuil efficiency as 

per cfflfct, the compression ratio being about 4-0:1. 

VOL. I. 


5 
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again be taken as 2*85 horse-power. The bearing friction wi^j. also 
increase directly as the piston speed, because, although the^ rotary 
speed of the bearings has not been alteied, it will be necessary to 
increase tlicir diameter nearly in proportion to the stroke, and the 
actual rubbing velocities will therefore be approximately propor- 
tional to th(^ piston speed. For this reason the bearing faction may 
again be taken as horse-power. Taking next the piston friction, 
it is clear lhat the inertia bi the recipro(*ating 2 )arts varies dii’cctly 
as the piston sjn'cd, if the rotative speed be kept constant. Oon- 
se(]uently, if the original heavy reciprocating ]>.‘irts be retained, the 
piston friction will he increased in the same proportioif as the piston 
speed, namely, by 50 per cent, and will amount to 5 4 horse-poweiv 
f The total losses in this case will be ’ 

Fluid loss ... ... ... 2 tSr) horse-power. 

Piston friction ... ... 5 ‘^ „ 

Bearings ... ... ... 225 „ 

Total ... ... 10 50 

The increase in jnston s])eed will'; as pn^viously exjdained, be 
accompanied by a slight increase in fhc indicat(‘,d tlu^^’inal efficiency, 
and therefore in the indi(iat(‘d horse-power, also the Smaller latio of 
surface to volume in the combustion space will ludp in this direc- 
tion. Under these circumstances an indicated thermal efficiency 
of 3G per (*.cnt may be expected, and the mean j)ressur(‘ will be, 
increased by about 3 p(‘r (icnt, owing to th(i reduced heat loss. 
The indicated horse-power will therefore be 

■ ■ 5h r) X ]-5 X — = 8:5 I.H.R 

100 

The losses, as already shown, will amount to 10*5 liorsc-power, 
so tliat the bi*ake hoi’se-powcr will lie 

83 - 10*5 = 72*5. 

TJie mechanical efficiency wdll be 

j 

83 O’? A ^ 

.. = 87-4 per wmt. 

“ 1 
The Inake or .net tlieriiial efficiency will b(‘ 31*5 j)er cent. 

From the above figures it will 1)0 seen that ii‘, instead of reducing 
the weight of the recii)rocating ptiM'ts and increasing tl.e rotsitive 
speed, the stroke be increased by 50 per cent, witli tlie same j.voiglit 
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of re^procatiiig parts and the same rotative speed, the same results 
will 1 k\ obtained, but in this case a 50-per-ccnt increase in the 
stroke will involve a nearly similar increase in the \veight, bulk, and 
cost of the engine. Still better results will, of course, be obtainable 
if the reciprocating weights b(‘ redftced, but it must be remembered 
that the longer-stroke engine requires *a proportionately longer, and 
therefore more than proportionately hea^vier, c5i»iec.ting-ryd. 

From a jiractic-al commercial point of view it will be preferable 

in(*rej|sc -the rotative speed* rather -than tli('. stroU?, and it will 
l)e found profitable to*go to a^considera])le amount of trouble Jjnd 
expense over \h(* ceduction of the reciprocating weights. There is, 
However, a strojig prejudice amongst engineers agaiyst any increase 
ill the rotative speeds, on the grounds that such increase mCst 
be a('COin])anied»by a loss of mechanical efficiency, excessive wear, 
and vibration, ^iut this, 'as has been shown, call lie met by a reduc- 
tion in the reciprocating weights. Tfie prejudice, nevertheless, still 
reffiains, and will not easily be dissipated. 

Value of Light J?.ecip/ocating Parts.-* -For real progress 
in this direction m\e must turn to the modern petrol engine, and 
espe(*iall)' to fthose engines built for iticing motor-cars. Of late 
years all inotoi’-car rac*es have been run undei’ restricted conditions 
either as to piston area or swept volume. From aliout 19(\5 till 
191,0 practically all motor-car engines were handicapped a(‘cordiiig 
to the area of theii* pistons, and there was a mistaken impression 
prevalent at that time that it was tjie piston and not the rotative 
speed that was limited; i.e. that a short-stroke engine would run at a 
proportionately higher maximum speed. Maryjfacturers of racing cars; 
however, soon discovered how (UToneous this view^ was* and produced 
engines of small boi e and^ excessive length of stroke, which by their 
liiglier piston speeds soon swept all before them. After a few- years 
of racing under these conditions it became evident that a type of 
engine was being developed which, owing to tts excessive stroke- 
boi*e ratio, and therefore its high cost and inflreased vibration, was 
of little commercial value. At the present time nearly#.‘ill m^otor 
races are handicapped according to the sw’^ept volumt^^v of the 
cylinders, and under these conditions a far ipore rational Ape 
of i-iigine is being })rodueed. Since no restrictions whatever are 
placed on fuel •c'orisumptiqn, the designers of*racinV peti’ol engines 
have coiu*eiftrat(‘d all their energies upoir jniproving the. mechanical 
and. vqlumttric efficiencies of*their desigjis, the thcrnyil efficiency 
being’ fionsiderecl only in so far as it affects the mean pressures. 
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Nevertheless, it is surprising what remarkably high thermal effi- 
ciencies are occasionally obtained from these engines, wkde the 
lessons learnt regarding volumetric and mechanical efficiencies are 
of inestimable value. 

As an illustration of the resillts obtained from a modern racing 
petrol engine, the following Hgures, obtained by Professor Riedler 
from a IQO-horse-proVv'er Benz racing car engine, are taken from 
his book, The Scientific Determination of the Ments of Auto- 
mobiles. ' • ' ' - , ’ 

/I'he leading dimensions of this engine were as follows: — 

, Number of cylinders ... ... ... ... 4.'“ 

Bore .. ... ... ... 1 15 mm., or 4’5 in. 

Stroke ... ... ... ... ... ... 175 mm., or 64) in. 

Rotative speed ... ... ... ... ... 2000 R.P.M. 

Pi.ston speed .... ... ... ... .... 2:)0;) ft. per minute. 

Compression ratio ('/■) ... .... . . ... 4'75 : 1. 

Area of piston ... ... ... ... ... 154) s(j. in. 

Total volume of each cylinder ... ... 130 cu. in. 

Volume swept by piston ... ... ... 10!)'7 cu. in. 

Clearance volume ... ... !.. ... 20'3 cu. in. 

Ratio of swept volume to total voffime ... 3 75 . J. 

Weight of reciprocating parts ... ... „ '5'75 11). • 

Weight of reciprocating parts per s(]Uare incli 
• of piston area ... ... ... ... 0'3ti ll». 

Area of exhau.st- valve opening ... ... 3 sij. in. 

Area of inlet- valve opening ... ... ... 44 s(j. in. 

Ratio piston area to inlet area ... ... 3'62 : 1. 

The brake horse-power of this engine was fomid to l>e 

‘ 5b B.H.P. at 1000 R.P.M.. 

103-5 B.H.P. at 2000 ll.P.M. 

I’lie indicated horse-power was 

00-5 I.H.P. at 1000 Pt.T’.M., 

119 I.H.P. at 2000 R.P.M. 

This corresponds to a mechanical efficiency of 

91 ]»er c-ent at 1000 R.P.M., 
and. 87 per cent at 2000 R.P.M., 

which is certainly a most remarkable result. 

The indicated mean pressures were 

* ^ 109'5 lb. per.square incli at 1000 R.P.M., " 

107-5 „ „ 2000 „ " 
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mean velocity through the inlet valves was 

^ second = 69*4 ft. per second at 1000 R.P.M., 

and 138'8 ft. per second at 2000*R.P.M. 

V V 

The exhaust valves, however, were considojably smaller, and, 
reckoned on the same basis, the mean ^^ocity through t.bem was 

• !•'> 9 .. ft. per second = lOl’O fj,. per second af*1000 R.P.M., 
• aiijl 203 ft. per Second at 2000 H.P.]\I. 

The latter figure * is distinctly high, but *in this e«igjne 
tlieJ connecting-rods were exceptionally short, with- the result that 
there was a co«ipa)ativ;cly long “ dwell ” at. or near the bottom 
centre. * , • 

^.Q’he weight of the reciprocating parts is remarkably lo.w. This 
result wae secured by the sacrifice of wearing ^surface and by the 
u.se of very short connecting* rods, which would not be permissible 
in the case of^a stationary engine required to run for long periods 
without un4ue w'etw. It is wenthy of note that Professor Riedler 
comments on ,the fixet that when run continuously at full load, and 
at a speed of 2000 R.P.jM., the piston crown overheated, ancf gave 
rist"’ to pre -ignition, thus indicating that weight cutting had in this 
instance been carried too far. 

( ’alculating the mechanical etticieiicy by the ixiethod to be 
<’X])lainetl later, tlu' fluid or pumping lo.s.s(“s whtm running at 
2000 IM’.M. will l*c e(|uivalent to a meJln pi'es.siiio of approxf- 
inately 3 ’5 lb. per .square inch on the piston. 

TJie friction of tin* bearing.s and other parts will be exceedingly 
low, and will probably be equal to a mean pressure of not more 
than 2 lb. ]iei* square inch, for the power of the t'ligine is enormous 
when eoin])ared with tin* weight of the rotatiiyi; parts. 

The piston friction may be found as before. The u.seful fluid 
pix'.ssure amounts to 107 '5 lb. j>er .square inch. The m8an,.'’+ertia 
pressure amounts to 

K = 0-00017 X 0-30^ 2000 x 20*00 x x O’o 

• * ^ 

= 70-5 lb. per .square inch, 

or fO'/) X 4 =, 282 lb. per square inch when referred.to the power 
strokc**only. • 
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The total pressure, therefore, acting on the piston amounts 
282 + 107 ’5 = 389‘5 lb. per square iueh. 

'I’hc constant friction due to the piston rings and the fluid 
pressure during the idle strokes may be taken as equal to I ‘5 lb. 
per square inch, and the friction due to the inertia and useful fluid 
pressure as- 2 per ceAt 'of the total pressure, or 

SHO'o X 0‘()2 = 7‘79 lb. per square inch. 


The total piston friction therefore amounts to 9 ‘3 Mi. per square 
inch.* 

, Tile total losses due to pumping, bearing, and piston friction 
will therefore amount to 


Fluid loss 
Piston friction 
Bearings and other fi-iction 
Total losses 


!i'5 lb. per .square, inch. 
!»-3 
20 

14-8 „ „ . 


The indicated mean pressure at 2.000 It.P.AI. was found to be 
107'r) lb. per square inch. I . 

Hence the brake mean piessure will be 

107 ;) — 14'8 = 92’7 lb. per sejuare inch, 


corresponding to a mechanical efficiency of 


927 

= 8t)'2 |)er cent, 

L07o ^ 


which agrises very closely with the figuriss obtained by Dr. Kicdler. 

The volumetric and thermal eflioiencies ari; not given, but it 
is clear from the high mean pre.ssnres obtained that these must 
both be ver}^ high. ‘In an .4dler racing engine of somewhat similar 
proportions, but with tather .smaller propoitionate ^’}llve areas, which 
gave similar lesults, the volumetric efliciency wa.s found to be about 
73 pi^'Txmt at a .speed of 2000 K.P.M., and 80 per cent at 1000 
U.P.M. The drop in mean effective pre.ssurc, however, betw^een 
these two limits of speed was noj neaily in proportion to the drop 
in the volumetric efffbiency, .slwwing that the jiroportion of heat 
lost to the, cylinder walls, during the exjiansion stroke was con- 
sidefably less at the higher speed. * Thi.s should result ro a hegher 
thermal efficiency at the Ijigher speed, as was indeed the eaXer. 
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0[^ie indicated thermal efficiency was found to be 

at 1000 R.P.M., 26 per cent, 
at 2000 R.P.M., 30‘5 per cent. 

• • 

Tlie diflcrence, seems too great ^to be accounted for by the 
reduction of heat loss alone, and it is probalje that the engine 
received either a slightly weaker or ^iprhaps’more hetnogeneous 
^uixturc at the higher speed. . ^ 

• The 'air standard ^effic.iency for tfiis particular dngine is 46'7‘ 
per cent, an^ the relative efficiencies are therefore 

at 1000 R.P.j\l., 55‘7 ])er cent, * 
at 20t)0 R.P.M., 65’5 per cent. 

It is evidentf from the above figures that «u increase of piston 
s])eed may* be relied upon to prodnee a marked increase in the 
tli8J*mal efficiency, provided, of course, that the valve area is suf- 
ficient, ai*l the recijtrocating parts sufficiently light to ensure that 
the whole advantage g'ained is not neutralized by exec-ssive piston 
friction. ^ • 

The aboa'c 'figurek; serve to illustrate the fact that the designers 
of high-speed ^)etrol engines in 1911 were a,ble to produce engines 
which, at th(' extivmely high rotative speed of 2000 R.P.M., and at 
a piston speed of no less than 2300 ft. })cr minute, could show 
almost as high a volumetric, and a higher mechanical efficiency than 
the dcsignei's of horizontal gas engines generally obtained with a 
rotative speed of 240 R.P.M. and a piston speed of only 720 ft. per 
minute. The coinpari.son, however, is not ^uite a fair one, bccaus^ 
in the ca.'<c of the petrol engine the bearing sur&ces of the piston 
were not sufficient for long continnou.s running. But. even when due 
allowance has been made for this, the petrol engine is still vastly 
su]»crior from the point of view of mechanical efficiency. Still 
furthei' progress has been made during the las^ few years with high- 
sjieed petrol engines, and tin* maximum power of the latest racing 
engines is generally developed at about 3000 R.RM., whicl;, with 
a stroke of G in., as is now usual, gives a piston speed .oj 3000 ft. 
per minute. 



CHAPTER V 

t V 

CONDITIONS UNDER ‘REDUCED LOADS ‘ 

• * ‘ 

Systems of Governing.— U]) to tlie present (jiily the indi- 
oated thermal efficiency on full load has l)eou considered, but all 
eifgines ai’e requir'd to run at times on a reduced load, and in a great 
many instances the engim* is requii-ed to run normally on a light 
load, the full load being called for only oif rare occasioqs. In such 
cases it is equally, or perhajts’more im])( 'tant. tjiat a high thermal 
efficiency shall be obtained on the lighter loads. With engijies^ of 
the coiistant-i)ressure or Diesel type the loa<l. is regulal('d‘sinij)ly by 
the duration of the supply of find per stroke, and, as has been shown 
previously, the indicated th(*)‘jnal (‘Ulieiency is con.siderably great (‘r 
with light loads when tin' find is cut od' verd 'early in the stroke, 
and the ina.ximum tempinature is low. UniortunaUdy, however, it 
would appear that similar conditions cannot be obtained in, an 
explosion engine. The methods which have been employed up 
to the present for controlling the output, i.e. for ‘'governing” 
internal-combustion engines, are: — 

i . ' 1. ‘Hit and mis.s. 

f 

2. t,>uantit.‘ilive governin.,. 

3. Diialitative governing. 

The first method used to be a very j) 0 ]>ular one, and has much 
to reconmieud it for small engines. In this method separate valves 
are enqdoyed for tlie''ndnii.ssion of gas and air. The air valve is 
opened a1^ every suction stroke in the usual manner, but the gas 
valve Is glider the control of the governoi', and is opened oidy 
wh(?n the%ad on ^ the engine requires it. The quantity of gas 
taken in per stroke, and lherefo|'e the strength of the mixture, is 
the same as when ruihdng on full load, l{ut under these conditions 
the indicated thermal efficiency and the mean effective pressure are 
filiglftlv higher, for the following reasons: — i , 

1, Because, following mi.'.sfii-c, the cylinder at the comfiAmw^- 
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nient -pf the suction stroke contains pure air at a low temperature, 
instead \of exhaust gases at a high temperature. Consequently, at 
the end of the suction stroke, on account of the lowei- temperature, 
whicli in this ease will he about 130° F., the weight of mixture 
taken in will be greater. * 

2. Sintie the weight of air pre.sent *in the clearance space is, on 

account of its lower temperature, much^great(?r*tiian the.weight of 
exhaust ga.ses that would Vie pre.sent under normal running con- 
ijitious, it follows that the fiusil mixture in the cylindSr is slightly 
weaker in projiortion, and the efficiency slightly higlier. . , 

3. Since tl'e initial temperature is lower by 90°^F., the tempera- 
tflre throughout the cycle will be eorresjiondingly redjiced, involving 
.slightly less heat loss to thi; cylinder walls. The mean pressure will 
depend maijily ♦y»on the volumetric efficiency of the engine, and 
this, in tun*, will dejienrf upon the suction tem[)erature. Thus, if 
the suction tenij)eratur<‘ be reducecT by 90° F., the volumetric 
efficiency will iiu'iea.se in the pro])ortion of 

459 + 220 ’1-15 . . . _ 

r = , or an increase ol 15 per cent. 

459 + 130 1 • ^ 

'i'Jio incrcMse iu mean pre.ssnj-e will also lie nearly 15 jam* cent, so 
tlial wlien runliing with a l()-])er-eent mixture of gas and ai*? the 
actiuil iiK'an ])ies.suje will be 8G‘-1 lb. per >quare inch on full load, 
and about 100 lb. ]k*i- s(]uan‘ inelj after a missfire; actually it will 
be t‘ven higher than tljis, owing to tlie small increase in efficiency. 

The ])rincipal advantages in favouj- of the hit-ami -miss system 
of governing* are: 1. That the indicated tl^^uanal efficieiiev of tlu^ 
firing stroke is slightly greater on light loads thaji’on full load. 

2. The system allows of fxeeediugly close and ac(*urate governing*, 
and at the same time puts praclii*ally iio load upon the governoi'. 

3. The variations in the load are effected without changing the 
strength of the mixture*, so that, when once adjiTsted, it remains the 
same* for all loads, which is an important pra(.^T(*al consideration. 

^J'hc prinei])al disadvantage, and one Avhich ])uts tl^' system 
altogether out of court for larger engines, is that on light loads the 
turning momejit is altogethej- too irregular, necessitating a fly-wlTeel 
of such dimensions as to be quite im})raeticable : for small engines, 
in cases where ^ood cyclhyd regnlailty is of iTttle hnportam'C, it is, 
in the authdr s opinion, the most convenieyt sy stem. 

The second system, namely, qiiantitafire Jias the *f’eiy 

marked* advantage in that it provides an#iinpnlse in every cycle ax 
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fill loads, and the cyclical regularity is excellent, a matter /i con- 
siderable importance when the engine is used for such purposes as 
direct electric lighting. In this system, in order to reduce the 
}»ower, the supply of both gas and air is cut down either by means 
of a throttle valve actuated by the governor, or by reducing the lift 
of the main inlet vjilve, which, in this case, supplies both gas and iiir. 
The efiec.^: of reduuhrg the weight of charge taken into the cylinder 
is, of course, to reduc.e the mean effective pressure proportionately; 
but since tl\«B (juantity of exhaust products retained 'in .the coni- 
bijstion space is nearly the same at all loads, it follows that the 
pronortion of exhaust products to fiesli mixture increases as the 
load is diminisjied. ^’his is objectioiifible for three reasons; fiistiy, 
because it increases the temperature of the mixed gasi's ii^ the 
cylinder at the commencement of the compression ^rtroki*; secondly, 
because the proportion of exhaust produAs in the timj mixture is 
so great, and the mixture so* diluted that it is* necessaiy to use a 
richer mixture in order to obtfiin suflie-ieutly I'apid combustfon; 
thirdly, the reduction in mean pressure is efl’ected by reducing the 
weight and not the temiicrature of tjie charge. All these conditions 
tend to reduce the thernial'efticiency. It is not Avorljii Avhile investi- 
gating this question in great detail, bccausv',' in practice, the ri'iil 
c-ontyolling factor is the partially ineoinpletc eombuAion caused by 
the dilution with exlniust producis, and this, wliich prohiibly has the 
giviitest influence of all upon the efiiciency, is fin uncertain quantity. 

In order as fjir as possible io obviate such dilution, attempts arc 
made to sepanite the fresh charge from the exhaust products by 
^means of stratification,, ami it is a common practice to firrfinge the 
inlet vfilve so* that, instead of opening into the cylinder, it opens 
into a pocket in which the igniter is fitted, as showji in the engine 
illustrated. In this way, the fresh charge entering thi'ough the 
inlet valve first enters the pocket and remains at. this end of the 
cylinder, while the ‘exhaust products are more or less concimtrated 
over the piston. TMif arrangtuuent involves very little increase in 
the surffi^;e of the combustion chamber, while the extra efficiency 
on light Joads, obtained from the more ccjtain and c-om])lete com- 
bustion, irmre than compensates for the extra heat losses due to the 
increase of.expo.scd surface; at ^ll events if the engine is required 
to run bn light ‘load.*? for a large pr(»]»or|;ion of the •time. 

Quantitative governing is invariably eniiiloyed fo*l- four-cycle 
p(!trt>l engines used for *such purposes as pro])elling niotor<- ears, 
boats, &c., where a very Aj'ide range of speed and power is r^piired, 
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and wJ^cre good cyclical regularity is of paramount importance. It 
is also g^enerally used for large engines employed for such purposes 
as generating electricity; indeed, it is almost the only system that 
can be relied upon to ensure regular firing over a wide range of load. 

Qualitative governinkg consists ift varying tht? percentage of gas 
in the mixture. Th^ quantity of air taken in at all times remains 
the same, but the quantity of gas is varied to euif the load. Since 
the range of mixture strength over whicli* complete combustion can 
bt', relied ^upon is comparatively small^ it follows tha^ qualitative 
governing can only bC effective between comparatively narrow 
limits, and that tht efficiency is at a maximum at the lightest load 
AvhicJi wiir ensure complete combustion, for, as has already been 
showji, the thermal eftic'iency falls as the proportion of gas to* air 
is increased. Some fuels hav(i a wider range over which complete 
('ombustion yill take* plac^ than others, but in*aiiy c.ase the range 
IS far loo small to ptu init of any wide Variation of power. In order 
to iflcr('as(». th(* range of power as far as possible, every effort is made 
to cnc.ourajfe stratific'atipn. The. admission of the. working fluid is 
arranged progr(‘.ssiv(‘]y, air only entering the cylinder during the first 
portion of the siiction stroke. The gas enters with the last portion of 
th(‘ air, so that the nufin body of the combustion s[>ace at the end of 
tlie conqnessioii stroke contains almost pure aii*, while the po^iket 
i'ont^ining tlu* inlet vah e and igniter contains a readily combustible 
mixture of gas and air. This, as has been previously explained, is 
tli(‘ condition required for the maxinyim of thermal efficiency, and 
it is the ideal that the designer of an engine employing qualitative 
governijig strives aft(‘r. The success so fiu* attained with four-^ 
cycle engines, however, has not been very encouraging, although 
d(‘.sigmi)s of two-cycle engines, who have to reh' on qualitative 
govinning, have developed the ])ossibilities of stratification to a 
mueh higher pitch. Mi'iition should here b(‘ made of the very 
ingenious valve gear employed by iVlessrs. CTosaiey & (V)., on their 
(jualitative governed engines, which is d(\scribed in detail in another 
volume; this valve evidently produci‘s a fair degree o^ stratifi- 
cation. 

There can be little doubt that when more is known of ^le 
j)henomcna of stratification, and t^ie conditions which control it; 
qualitative governing will ^ be more* extensively employed, 'for no 
other systerfi can compare with it in efficiency. At t^e present 
time, ^lowet^er, it has hardly* been sufficiently developed to»be 
consid^fii-d as a commercial success, chiefly on account of the 
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danger of “firing back”. If, as is commonly the case ofl very 
light loads, the combustible mixture, through defective stratifica- 
tion, is excessively diluted by the large excess of pure air in the 
cylinder, the charge either fails to ignite at all and is therefore lost, 
or, what is CA’en worse, i^ni^es and burns so slowly that com- 
bustion is still continuing throughout the wliole of the exhaust 
stroke. .The resulfc Is that, when the inlet valve, opens, the entering 
charge comes in contact with the still burning gases, and ignites 
back through the ^’alve and into the valve ]^assag(!s, making a cob- 
sijleirable noise and fouling the succeeding charges. This is an all 
too common oceuri’enee with qualitative -goveriK'd engines, and is 
particularly noticeable in two - cycle engines. Crosslcy’s Patent 
JTttlet Valve is designed with a view to preventing such back -firing 
by admitting only pure air at first, but since, at tlie end of the 
preceding suction stroke, the valve was* supplying ii» combustible 
mixture of gas and air, there i.s always a slight danger of a small 
portion of this mixture being retained behiuil the valve and dftiwn 
into the cylinder arhead of the pure-a,ir charge. 

Both qualitative and quantitative governing’ rely to a gri’ater 
or lesser extent upon stratification for light loads,, and for this 
reason it is advisable to fit the inlet valve and igniter in a re.ee, ss or 
pocket in the eorabustion chamber. This, of cour.^e, increases the 
area of surface, exjiosed to combustion and so incimses the heat lo.ss, 
but it is thoroughly ju.stified by the better and more complete com- 
bustion obtained on light loails. In the case of hit-and-miss govern- 
ing this consideration does not apply, and the shape of the eombus- 
^ tion space is a eompi;omi,se between the therraodynamie and the 
mechanical Requirements. For horizontal, single-acting engiiu’s, 
the position of calves and .sha])e of combu.stion space illustrated in 
the typical example, fig. Jl, is almost invariably employed, whether 
the governing be by hit-and-mi.ss, quantitati^ e, or qualitative. The, 
an-angement give.s’ti perceptible degree of stiatification, with a com- 
paratively small proportion of ex]>osed surface, while the valves 
are readily accessible and ea.sily operated from a single side shaft. 

Mechanical Efficiency on Reduced Load. — Considering 
netvt the mechanical efficiency of this typical engine, when runnitig 
bn a reduced load. Suppose tli^t the load la; i-cduced to one-third 
of the normal “full 'load, that is to o B.TI.P. '■ The reduction 
of load may be etfecteti ‘by missing explosions, by tiirottling, or 
by '^qualitative governingt ' ■ 

Taking finst the casq when power is re,du(i(‘d by mi.sa'ihg ex- 
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plosioitis. It has already been shown that, owing to the scavenging 

action, a,nd absence of highly-heated exhaust gases in the clearance 

space, the mean effective pressure during an expansion stroke, 

following a scavenging stroke, is generally some 15 per cent higher. 

Ill this engine, witli a 10-pe.r-eent g&s-air mixture, the normal mean 

pressure is 86'5 lb.* per square inch, Tjut following a scavenging 

stroke, it will probably be about 100 lb. per squuue inch; a]^o, owing 

to the lower temperatures ruling in the cylinder, the efficiency will 

slightly higher, say 36 per cent. • •* 

The fluid losses will be considerably increased, and Profqssjpr 

llopkinsoi^.has found that the losses in pumping during the 

sfSivenging strokes are about 2‘5 times as great as, under normal 

conditions. The reasons for this are not at fii'st sight obvious, and 
• . . . . . • . 
it is worth while examining them iu detail. Firstly, during the 

suction stroke, a slightly* grisater volume of air is taken into the 

eylinder, and hene*e proportionately * greater power is absorbed. 

SecBndly, during the compression and expansion strokes heat is lost 

tC) the cylinder walls, and consequently the expansion line is well 

below the compret'sion line; that is to say, the energy absorbed in 

compressing jthe air is not all returned during the expansion stroke, 

but a small proportion of it passes as heat to the cylinder walls. 

The los.son this* account alone will amount to about 1’4 horse-pcaver. 

Tliirtlly, the power required to expel the air during the exhaust 

stroke is much greater, for there is no high pressure in the cylinder 

at the time when the exhaust valve is first opened to create a high 

velocity in the exhaust pipe and so help to withdraw the remaining 

contents of tin* cylinder. The diagram, fig. 1 6,. illustrates these, 

points very clearly. The dotted line is the diagram obtained 

<luriug tlie idle strokes when the engine is running under normal 

full-load coiiditious, and the full line shows that obtained during 

the same strokes when scavenging. 

these I'easons the fluid losses during thc^ scavenging period 

may be tfiken as 4'75 horse-power a^^ against* T'9 horse-power when 

bring. . 

Considering next the piston friction, since the rotative speed 

is the same in both eases, the load due to the inertia of tlie 

^r(‘ciprocating parts will be the saiipe, namely 155*6 lb. per square 

inch. When tii^ total ine^n pressure on the piston! referred to the 

ex])ansion stJl'oke, amounts to i245*5 lb. pej- square incli,Xhe horse- 

])owar*lost m friction is 3*6 horse-power. .AVlien the flu^d pressifrcs 

are rt‘Trf©ved, the mean pressures on the ^:)iston will be only tliat 



78 THE INTERNAL-COMBUSTION ENGINE 

due to the inertia, nud will amount, as has already been .shown, 
to 155 ‘6 lb. i)cr square inch, for the mean pressure during, the idle 
strokes is provided by the constant = 1 lb. per square inch. 

The piston friction when the engine is not firing now becomes 

^ • 

^]55'6 X + 1 llv per square inch ‘ 

*■ = 4'1 ]b. per square inch, or 2'5 horse-power. 



mainly upon the .sjx'cd and the inertia forces, and will theicfore 
• not be alfected. ' '' 

The losse.s during the scavenging strokes may, tliinefore, be 
taken as follows: — 

Fluid losses ... 

Pi-ston fi'ictioii 

Other friction 
Total" ... 

'When firing, the lost hor.se-j)ower will be 7'0 horse-power as 
before, and since at this load the engine will be firing ap[)roxiniately 
38 per cerit and missing approximately 62 ))er cent of the cycles, 
the average lo.s.'i will ‘be . 

(8-75 X 62\m- (7 0 x 38) _ 542 -t- 266* 

ibo , 10() 


4'7r) hursc-power. 



8-75 




CONDITIONS UNDER REDUCE^ LOADS 


79 


Since the brake horse-power required is 15’5 it follows 

that the indicated horse-power must be 

15'5 + 8-1 = 23-C. 

The mechanical efficiency will no^' be 
15'5 

— — = 65*7 per cent; 

u 


til)*! taking the indicated thermal efficiency as 36 per cenf, the brake 
thermal efficiency will be 

36 X = 23*6 pel- cent. 

y)() ^ 


In Older to find tJie exact number of power strokes or impulses 
per minute required to gi^^ this power it will be necessary to find 
• the imficated horse-pbw('r of each impufse .strok(\ This will be 


100 X 1131 X 1-5 
■ 33000“ 


0*515, . 


. and if the I.Il.Pr required b(‘ 23'6*the number of impulses per minute 
Avill be * ' 

— = 46 imimlses per minute. 

0-515 ^ ^ 

If, instead of missing explosions, the power be redu(5ed l)y 
tlirottling the incoming charge, so that ignition tfikes plac(‘- at every 
cy(de, but at a very much reduced mean pressure, then the thermal 
etlicieucy becomes an unknown quantity, because with very much 
reduced charges the combustion is seldom anywhere near complete. 
Also, it is geiKM-ally necessary to use a somewhat rich(‘r mixture 
than at full load, in order to ensure ignition of the chargi'. Experience 
shows that the full-load indicated thermal efficiency is generally 
about 75 to 80 percent of the full-load efficiency. • Taking the same 
brake horse-power as before, namely 15*5, it can be shown that the 
mean effective pressure will be slightly under 40 lb. per squai'C inch, 
and consequently the weight of charge taken in pei- cycle wilf be only 
about 46 ])er cent of that taken in on full-load. This will invoh e^a 
considerable suction loop in the indiq^ator diagram, and lumcc a large 
fluid loss during, the suction stroke. .This is wdl ilkistrated by the 
indi(iator diagrams, fig. 17 (see Plate facing p. 80), which arc actual 
diagrams, taken with an optical ‘i if dicatoi*, from the author’s expcci- 
mentgiil* <;pgine running on ‘a light load and throttle-governed, but 
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under special conditions ensuring rapid and complete combustion. 
The area of the suction loop, and therefore the fluid losses, could 
be reduced by reducing the period of opening of the inlet valve, 
instead of by throttling, but this is seldom done in compara- 
tively small engines. On the other hand, there will be no fluid 
loss due to the compression and expansion df unburnt gases, and 
no extra fluid loss ®n the exhaust stroke, since the engine is firing 
every cycle. Without going into elaborate figures, it will probably 
be safe to tiiko the fluid loss in this case at about 4*5 horse-power. 

^ ^ The piston friction may be taken as 

(l55‘fi -f 40) X ^ square inch 

= 5 lb. per square inch, or 3*05 horse-power. 

Bearing friction and valve-operating losses may ‘be taken as being 
the same in all cases. r - ' • 

The losses will now lx* as follows: — 

Fluid loss ... ... ... 4o horse-power. ^ 

Piston friction ... 305 

Other frictioi) losses • ... 15 ^ 

Total friction ... 905 ,• „ • 

« If the brake horse-power required be 15 '5, then the indicated 
horse-power will be 

15*5 -f 9 05 LJJ.P. = 24-55 I.II.P. 

The mechanical efficiency will be 

— — = fi3'2 per (*ent. 

24-55 ^ 

Supposing combustion to lx* complete, and the mixture strength 
exactly the same as on full load, then the lieat lost to tin* cylinder 
walls would be nearly the same in both eases. The differences are 
due to two, among .other, causes — 1. >SiiJCC the weight of charge 
taken into the cylinder is very much less, there will l)e a lower 
entering velocity and less turbulence. 2. Since the pro 2 :)ortion of 
ecihaust gases pr(*.scnt in the cylinder is greater, tlie maximum 
temperatures will be slightly lower. For these reasons less total 
heat will bo last to^ the eylinrler walls on a rcdiie(*.d load. On the 
other hand, since the weight of charge taken in ic only about 
45 per cent of the full-load \)veight, the proportionate loss at 
light loads will l)e much greater. Taking all these points into 
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consideratiou, it is probable tliat the proportionate heat loss to the 
oylinder walls will be somewhere in the neighbourhood of 18 per 
cent. 

The indicated thermal eliiciency will probably be about 28 per 
cent, and the brake ^thermal efficiency 

63'2 X 28 per cent = 177 per cent. 

Bfit it has already been pointed out that there will prcfbably be a 
rurther loss due to iiieoiliplete combustion, and that in consequence 
brake ther»"lal e/Hciency will be Joww. 

• Finally* assuming’ that the load were reduced by^ reducing tlie 
density of the mixture, 1?hat is to say, by qualitative govornifig.* 
To obtain 15 '5 B.JI.P. a mixture density of somewhere in the neigh- 
bourliood of ^4 per (‘cnt will be required, and such a mixture, if 
lioniogeiieoLis, Avonld^e altogether too wVak to ignite. Conse([uently 
stratifi(iation must be relied upon, in order that the mixture imme- 
diately siufounding tlie igniter {joints may be of a sufficient density 
to (‘nsiire ra[)id and complete combustion. In the light of present 
knowle(lg(‘ Mich»a. (Mujdition is gcT'ierally accepted as being unattain- 
able, but it is none tliT* less interestbig to (consider the I'ase.on the 
assumption thatdt is capable of being attained. , 

Talking the Huid and mechanical losses; sinc(* the engine is firing 
at every cycle, and is taking in a full charge of aii* without throttling, 
tlie Huid losses will 1 k‘ ap[)roximatel}; the same as on normal full 
load, namely, 1*9 li<a‘se-[)ow<*r. Tin* piston friction will be the same 
as when lunning with throtth* governing, namely, r>*05 horse-pow<u-, , 
and the bi*a.iing and other friction loss(*s mav be taken* as being the 
same in all three cases. 

Tiui losses will now be as follows: — 

Fluid loss ... ... ... 1-9 horse-power. 

IMstoii friction ... ... d 05 „• 

Other friction losses ... l a • , 

Total oV) 

1'hc indit'uted Lorse-power will therefore bo 

15'5 + (>*45 = -1*95, 

» • 

and the mechanical efficienc'y 

■1 r ■ r • • 

— = 70(! per •cent. 

21 -{is ^ 


Vf»L I. 
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Now the indicated thermal efficiency in this case will be the 
same as for a 4-per-cent mixture, and, as will be seen from the 
curve, fig. 13, will be about 44 per cent. Hence the brake thermal 
efficiency under these conditions will lx* 

X 44 = :?1. 

100 

In pnictice a brake thermal efficiency of 3] per cent at ou(;- 
third load lias never been obtained, or t'vcn approached, lu an 




Fig. 18 

enuine of this type, but the exainjde is uiteiesting as showing what 
might be accomplished if perfect .stratification could be I'calized. 
The diagrams illiistiated it) fig. J8 are taken from an engine employ- 
in''' (j^ualitative goiv'niiig at full and at half load, llie half-load 
diagiam illustrates very cleaily the leduetion in the maximum 
te'inperature and pressure, which .should result in increased efiicieney, 
but it also illustrates slow and incomplete combustion, and it is 
probable, from an examination of the diagram, that the thermal 
efficiency actually ( btained on rodm^ed loads is little if any higher 
than when governed by throttling the e.harge. 



CHAPTER VI 


a 

THE DIESEL ENGINE 

Tlic typicfil gas-cngijK' wbi('li Las just been analysed may be 
n’.gaj’ded as l)eing re})i-esentativ(‘ of all modern fouix;ycle constant- 
volume or explosion engines. Larger engines arc generally built 
\Nith .double* acting (ivlimfers, and, of course, external cross-heads. 

• v' • 

In this ease the piston friction is considerably reduced and a higher 
meffhanicid efficiency is obtained. It is not proposed at this stage 
to deal with the two-cycle exjdosion engine, in tthich the problems 
connect(;d with the thermal ayd mechanical efficiencies are very 
much more,e/)^)iplicated, and which are ‘dealt with at some length 
in Vol. II, but rather to pass on to the constant-pressure or 
Diesel tyjte. * • 

A typical example of a Diesel engine is illustrated in figs. 19 and 
-0. It will be noted that this is a ^•ertical design, which is usually 
adopted foi' constant-pressure engiiies, not because there is any 
particulai' leason why one should be. built with horizontal and the 
other with vertical cylinders, but simply lj 4 !cause the Diesel type* 
was developed at a later })eriod in the history of theTuternal -com- 
bustion Engine, when vertical cylinders were becoming the accepted 
type in contemporary steam-engine practice. 

It has already been shown that in the constant-pr(‘ssurc engine 
tli<' theoretical efficiency depends not only upbii the compression 
1‘atio, but also uj) 0 u the maximum teinperalfire, and increases as 
tlie maximum teiujK'ratui'e is reduced. In this parliculan* instance, 
Ibi’ the sake of comjiarison, it will l>e assumed that on full load the 
admission of fuel is continued for a sufficient length of time.'to 
produce the same maximum temj)aii'ature as in the gas-engine. In 
ord(‘r to pulvrtiz(' the fuel suffieiehtly finely to bnsure complete 
combustion, it has been found desirable tc\foi‘i‘e it into tJie cylinder 
by mtaiis of highly compressed air, at a. pressure coivsiderably in 
cxcess'of that in the cylinder. The quantity of ah used for the 
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injection of the fuel usually amounts to about 6 per cent of the air 
taken into tJie cylinder, and this somewliat confuses the issue. Let 
it be supposed that the engine has the following leading dimen- 
sions : — 


Bore 

Stroke 

Rotat 1 ve speed 
Coniprt'ssion ratio 
Area oF piston 
Piston speed ... 

Proportion of iiij(‘ction air to total air 
Pressure of in jection air 
Weight of reciprocating parts 
Weight ol' rt‘ciprocating parts per 
square incii of piston art‘a 


12 in. 

IK in. 

240 R.P.M. 

14: 1. 

in. 

720 t‘t. per minute. 

6 ])er cert. 

900 lb. per s(j. in. 6n full lord. 
K(/0 lb. 

71 lb 


The weiglit of the reciproctiting parts in tliis engine has been 
taken as 800 lb. Tlje reason for tJie incr(*ase in iJio wingiit of fljcse 
parts, as compareo witli the gas-(mgine, is tliat l]j(\y must be suf- 
ficient!)^ strong and heavy to 1)(‘ able to resist not only tlit‘ normal 
working pressures but also any almornial pressurevs that may oeeur. 
In the gas-engiij(* with a G : 1 eoni|.)ressioii ratio the highest pressure 
that is likely to occur in tlie event of pre-ignition a strong 

rni.xture is under 650 lb. per square inch; l)ul in the (*onstant- 
pressure engine very mucli higher pressures may occur iindei’ ('crlain 
abnormal (-onditions, and it is advisable so to design all parts of 
the engine that tliey cmj be i-elied upon safely to withstand a 
•pressiiie of from 1200- to 1500 lb. per s(|uare inch. 

Indicated Efficiency. — Taking first the indirat (‘d etliriency 
and ])ower. It i,^ not projH)st*d to go ihj'ough tlie sam(‘ lengthy 
('.aleiilation as in the (-ase of the constant- volume engine, which 
would be partKailai’ly laliorious in this case, l)eeaus(* allowances would 
havt» to be made tlie fact that heat is added at constant pre^ssure 
and rejected at eonsfant volume; and also for the faet that air, 
whjeh liLs been prciviously conipj-essed from some external source, 
is admitted to the cylinder along with the fuel during the. expansion 
stroke. 

It has already been showL that tin* theoretical air-standard 
ctiiciency of a ' c.onstanl-jucssure engine is dependcjit both upon 
the compression ratio and upon the maximuiii tem])erature. We 
have also seen that the cTicicncy rises as the maximum temperature 
is reduced, until, at th<‘ point of no-heat •supj)1y, it is equal U) the 
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• • 

ail-standard nfticieiicy for a coiistant-volLUiie or e.\ plosion# on 
whicli in this case amounts t:o 



= (>5 per cent. 
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Under normal full-load working conditions, with a maximum 
temperature of 8480° F., the theoretical air-standard efficiency will 
be about 56 per cent, but this will be still further reduced wdien 
the changes in specific heat have been taken into account. 




Ji 





' 20 . - Section of a i 3 "i>ical roni-cj'cle J->ieKel Kngmo 


On the otl^vir hand, the introduction of an extol snpjily of air 
after tlie gnd of the cojjipression stroke wiJl tend to rais<^ the ap- 
paient etticiency sornewjiat. For the ])urposes of the following 
ealcuhitions it will lie assumed that, witli a inaximuni tt‘ni.;V('iatnre 
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of 3480" F., the ideal efficiency of this engine is 51 per cent. It 
will also be assumed that the efficiency rises in a straight line as 
the maximum temperature, and therefore the mean effective pressure, 
is reduced until it finally meets the air-standard efficiency line at 
the point of no-heat supply. In this ’engine the apparent volumetric 
efficiency will be higher than in the gas-engine, because about 6 per 
cent of extra air is added during the combustion period. , Again, 
since the specific heat of air at constant pressure is about 40 per 
cent higher than the spt'cific lieat at constant volume, al/but 40 per 
cent more heat is required to Iniat the gas through a given inleryqj 
of temperature at constant pressure than is required when the heat- 
ing is done at constant volume. Taking all thesq points in1;o 
consideration, the ideal mean (iffective pressure, corresponding to a* 
maximum temperature of 3480'’ F., may be taken as 135 lb. per 
square ^inch, against 10(f5 lb. per s(|uare inch in the gas-engine. 

In actual practice, with a maximum tc'.mperature of 3480° F., 
and rhaking allowance for the extra air admitted, an indicated thermal 
efficiency of about 43 })er cent may lu* obtained,* and under these 
conditions the indicated mean pressure? will be 

1 4.3- 

l:?5 = 114 lb. per squaii' inch, 

and the indicated horse-power 

114 X 113T X 1-5 X 120 _ _ j jj p 
33000 • ' 

Mechanical Efficiency. — Tiiking tlic indicated horse-power 
as TO’f) I.H.P. it now reniains to tiiid the mechanical c'^iiciency and 
biake horse-power, and to t\iis end it is first necessary to investigate 
tin* various sources of loss. 

Phe fluid loss will he at)proxiinately the same as in tlui gas- 
engine, and may therefore be taken as 1*9 hois(*-pf)wer. On aex'ount 
botli of the h(*avier reciprocating parts and the Iflglier mean jiivssure 
the piston friction will necessarily be greater. That portio^i of the 
fruition due to the inertia of the reciprocating parts will vary dir(*ctly 
as the weight of these parts, and, when redu(*ed to terms of pressui% 
J)er square inch of piston per jiower ‘"-troke, will b(*eome 

7*1 

Iho'C) = w08 11). per square incli. 

M 

Ad?l*4;o this the useful menu pressure, u, mounting to 114 lb. per 
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square inch, and the total pressures tending to produce piston 
friction will amount to 

1308 -1- 114 = 322 lb. per square inch. 

The constant friction loss due to the pistqn rings and tlie fluid 
pressures during the idle strokes must also be adtled, and in this 
case ma‘^' be taken as amounting to 2 lb. per square inch, for the 
higher compression will necessitate more and stiffer rings and grea ter 
pii'ssure during the compression stroke. , 

• -The piston friction will therefore be 

I- " 

• O 

^ (322 X ^ square inph 

= 8 44 11). per square inch, or 5 ’1 5 horse-power. 

* 

T]io fri(*/tJoii in this eu^’ino will be stbnewlicil liioher tlmn 

C7' O O 

in th(‘ gas-engine, because, to withstand the higher mean ])i-esLures, 
larger bearing surfaces are necessary; the eraiikshaft also must be 
of considerably larger diameter, with the lesult that the bearing 
friction will probably be -about 30 per cent grc'ater. 

Finally, the valve gear will require, more power, because, in 
ad^lition to the inlet and exhaust valves, there is also si fuel valvt-, 
which is only opened for sin excseedingly short time, and which 
requires a very stiff spring to ensure rapid closing. jVloreover, as 
a general ]-ule, it has to lie opened against the injection air pressure. 
I’here is also a fuel pumji, which will absorb an fipjn-ec.iable .-nnount 
of power, since the oil has to be delivered to tlu- fuel Aalve against 
the pressure’ of the injection air. It will pioliably not h(‘ o\'er- 
stating the case to jmt the bearing and valve gear fi’iction at 
3 ’5 horse-powei’. 

In addilion to these losses, there is also the higlj-])ressure 
compressor, used for sujiplyiug the injection jiir for tlie fuel valve. 
The ])ower absorhe»,i by this corajiressor x’aries considerably, 
according to the amount of air required for ]>u]verization, which 
again de])ends upon the design of the fuel valve, the load, the speed, 
and the form of the combustion chamber. 

Undev the conditions of loi^d ajid sjjeed in tliis particular case, 
and A\dth the best jxissilile design of aii-])ump, delivering G per cent 
of the air for combustion through the. fuel valve, the power absorbed 
will not be less than V horse-jibw'cj-, and in many cases .will be 
considerably more. 
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C 

The total mechanical and fluid losses are now as follows : — 


Fluid loss ... 

... 1'9 horse-powev. 

Piston friction 

51 

Otlier friction 

3-5 

Ail' comjj lessor 

70 • „ 

-Total 

... 17-5 


brake horse-i 30 wer will therefore he 

70*5 - 17-5 = B.ri.P. 

The nicchanical etticiency will bc^ ‘ 

/o f) "" 75 per cent, 

and th(‘ brake* thA-inal eftieiiency 

7'i ^ 

43 X — = 32*2 per cent. 

100 ^ 

m 

If the lower heatiiig value of fesidual oil be taken as 18300 B.T.U.s 
per pound, this- will correspond a fuel Qonsuinption of 

0*43 lb, per B.H.P. lioiir. 

Comparing these latter results with those obtained from a eoii- 
slant-voluine gas-engine of the same dimensions, running at th(*. 
same speed, and emjfloying the same niaximuin temperatures, it will 
be seen that the brake horse-power and the. brake thermal etticiency 
are both onh' very slightly higher, though a study of the res[)ectiv(»^ 
comjnvssion ratios would lead one to ex2)ect a much higher net 
(‘tticiency. In the gas-engine, with a compression ratio of 6:1, 
tin* air -standard etticiency is 51 per cent, and the actual net 
<‘tKciency 30*5 per cent, or within (JO per cent of the air standard. 
In the constant- prt*ssu]‘e oil-engine, with a compression ratio of 
14:1 and an air-standard etticiency of 65 per<j«nt, the net ettici(*nc}' 
is only 32*2 per cent, oi* slightly less than 50 per cent of the air- 
standard (efficiency. The principal causes of this lai'gi*. discrepancy 
are to be found in thc^ rc'duction of the air-standard efficien(*.y with 
increase of temperature, and of course the still fuither reduction 
when the chang(*.s of the specific hect of tin* .vorking fluid hi high 
temperatures are taken into account. There is also the formidable 
progoftion ^f the total power iv'quired to dri\'e the high-pres;mre 
air compressor for the puh erization (^f the fuel to be considered. 
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If means could be found for pulverizing and distributing the fuel 
without the necessity of this high-pressure air, a great improvement 
would be made, but, so far, no system of mechanical pulverization 
has been sufficiently successful to increase tlie net efficiency ; that is 
to say, the losses due to imperfect pulverization and distribution, 
and consequent incomplete 'combustion, have*1)een found to be 
greater than those incurred by the air compressor. 

From tlie aboxT' results it will be scum tliat, as regards the 
net tlieiinal® efficiency on full load, tliere is very little to be gained 
by the adoption of the constant-pressure ty*pe in prcderence to the 
constant-volume. The former type is veiy muoh more expensive, 
involves a large number of small parts whicl) require extremely 
{Tctcurate workmanshij), and cannot well he made on the tools, em- 
ployed in an cirdinary cuigineering workshop. Again, since much 
greater pr(\ssurcs may, under abnormal circumstances, /)ccur in the 
c'ylinder, it is necessary to *Duild the whole (Engine considerably 
heavier than an explosion engine of similar pow’ej-. There* itare, 
how^ever, txvo very* strong aigumcuits in fa\’our of tlie Thesel type 
of engine. The first is that prac^ticaJly any liquid hydrocarlxjn 
fuel can be burnt direct ni the (*ylinder, without t*he necessity of 
first passing it through a gas producer, with all the losses that 
suclt an intermediate stage must incur. Sec'ondJy,' since; the fuel 
is not present in the cylinder during compression, and does, not 
depend upon thorough mixture xvith the air during this period for 
complete combustion, qualitative* governing, with its manifold advan- 
tages, (;an be employed for all loads without having to rely upon 
.stratification. It is these tw^o fc;atures that have brought about 
the widespreaVi populaiity of the Diesc;! oil-engine. 

Governing. — The theoretical advantages to be obtained by 
qualitative governing have already heen considered in tlie c^ase of 
the gas-engine. In the Diesel engine; the advantages gained are 
even more important, for not only ajc the; Icxsses reduced; but 
the air-cycle efficiency itself rises as tin; temperature is reduced. 
In the Piescl engine the maximum temperature is proportional 
to the quantity of fuel admitted, and the efficiency rises as 
the load is reduced at an even greater rate than in the gas- 

Let us conskler the case of this engine wdien running at one- 

Liiiiu. c* uJrttve; jiw w i i x# u. .ljix'. Jiuiu wui uu 

substantially the same ji/. all loa5s,‘ since a full supply of Sur is 
always taken in, irrespective of the load, and ignition of tftd fuel 
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occurs at every cycle, hence these losses at 17 '6 B.H.P. may again 
be taken as 1’9 horse-power. 

The piston friction will be slightly reduced, on account of the 
reduced fluid pressure, which in this case will be about 60 lb. per 
square inch. This loss will therefore’ amount to about 

( (208 -b 60) X + 2 = 7'86 lb. per square inch, 

J. W vf « 

oj* 4*5 liorsc-power. 

0 

I 

The bearing and otlter friction losses may be taken to be the 
same as before, namely, 3*5 horse, -power. (Jn account of the 
lefluction ni the quantity of fuel then! may also be a reduction 'in 
the aipount and pressure 'of the air required for its pulverization, 
and consequently, the pow(!r absorb(*.d by tbe air compressor will be 
less. In tbiSjCase'it may fairly be taken as 4’5 horse-power, instead 
• of 7 horse power, as 'on full load. ' 

Tffio total of the mechanical and fluid losses now becomes 

Fluid loss ... ..., ... J’9 horse-pbwer. 

Piston friction ... ^ ... •A’.O „ 

Other friction ... ... 3’5 „ 

A ir conipt’cssor ... ... 4’.') 

• Total losses ... 14’4 


Slne(‘ the brake horse-power is now 17 '6 B.Il.P., it follows that 
the l.ll.P. necessary is 

0 

17 6 + 14-4 = 32 I.H.P., 
and the mechanical etticiency is 

17-6 

= 00 per cent. 

32-0 ‘ 


At this load the actual indicated thermal etticiency, making no 
retluction for the extra air supj>lied by the contpvessor, will probably 
be about 48 per cent, and the brake thermal ('tticiency will be 

48 X - = 26’4 per <‘eut. 

100 ^ 


Correspon<lijig to a fuel consunqition of 0 o28 lb. pe^B.H.P. hour. 

At about two-thirds full load^ — that is, at a load of 36 B.U.P. — 
the inatOianical and net thermal* efiiciencies will be approximately* as 
fol low's*— ■ * * 
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The mechanical and fluid losses will be 


Fluid loss i n 

Piston friction ... 41) 

Other friction ... o 

Air cuinjnvssor *... d'2 

Total losses lOo 


Since the brake horse-jicy^ver is now 8G, it follows that the LILT, 
necessary is ^ ^ ^ j ^ ^ 

The mechanical elhciencv is 

= G8*5 per c?nt. 

At this load an indicated thermal ettifiency of abouf 4(i per cent 
may be expected, ami tlie ne? theianal etiicicncy^will thend'ore l)e 

4(; X *5 per cent. 

Corresponding to a fuel consumption of 0*44 lb. B.H.P. hour. 
This method of computing tlie indicated thermal and mechanical 
elHcien(‘ics is one tliat is usually accejded, and, iiidet‘d, it is prob- 
ably the only practicalde method. The lesults obtained, ho\\iever, 
arc erroneous from a scientific point of view, because a certain 
proportion of extra aii- is jidmitted to, and does work in, the 
cylinder of tlic engin(% liiit the wwk previously dom‘ on this air is 
included in the mechanical losses, instead of being deducted from 
the indicated pow’cr. The lesult of tliis computation is that the in- 
dicated tliermal (‘ffif'iencv is too high and the mechanical efficiency 
too low'. It is not suggested that ajiy other computation should 
be adopted, nor, indeed, is it a matter of any cons(‘(juence, for 
it is the overall lelHciency alone which is of iinpoi-taiice to the 
practical engineer. »Eut it is w'cll to l)ear in mi ml, wdien statements 
are made as to the indicated thermal etticiency of Diesel engines, 
that a comparison betwH^eii the actual indi(*ator diagram and tlie 
quantity of fuel consuim*.d will give a figure for tlie indit ated tliermal 
efficiency .w^hich is c.onsiderably above tlie trm* value. As a com- 
parative figure! it is' quite sufficiently accurate, but as an absolute 
one it is misleading, and therefore the eliicimicies of constant- 
pimsure and explosion engine.^ should be compared only on tliiur 
net values. ‘ 
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TWO-CYCLE DIESEL ENGINE 


Two-cycle Di'esel Engine.— In the two-cycle Diesel engipe 
thei-nnil conditions hij; pracitically the same as in *he four-cy,elc 
engin^, but the mechanical efiiciency is considerably lower. In 
engines working oji this (^ycle, since there is no suction or exhaust 
stroke,, it is «nec.ess|iry to ’forex* the air for combustion into the 
cylinjh.*!* at a pi'essiu'c above the atniosplieric pressui'e, and for this 
]jnrp(^e a sepjirate pump of some form must be employed. Sup- 
posing that the same typical /'onstant- pressure bngine were now 
etaiA i'rted to o])crate upon the t\\;o-, stroke instead of the four-stroke 
cycle, it is ipti'l;est.ing 
tocompaiA* the mechan- 
ical and net thermal 
etticioiieies which would 
be obtaim'd. 

In so far as the 
th(‘rmal condition." 
within the cylind(‘r are Fig. 2 i.-?wo-cjci.' 

concerned there will be 

very little change, but the ellective stroke of the engine will be 
slightly reduced, becau.se the last 20 per cent ot the stroke will 
be com})]eted after the exhau.st ])orts have been uncovered, and 
the pre.ssun* within the cylinder has been reletisc'd. In fig. “21 
i" showji an actual diagram from a two-cycle Di'esel engine. Strictly 
.s})eaking, the compression and expansion strokes should be segarded 
as bt'ginniug and ending at the point where the pressure in the 
cylinder cros.s('s the atmospheric line, but this point is not easily 
determined with any precision, but •on the average from 10 to 15 
per cent of the expansion stroke max* bo regarded aS lost. Conse- 
quently the metin })ressure of txvo-cycle engines is for ..Jtn equal 
maxiindm tohipei'ature always somewhat lower. ^ ’ 

In "(fkler to drive out as much as po.ssiJile of the exhaust gases 
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and thoroughly till the cylinder with air, it is usual to employ a 
scavenging pump which displaces from 40 to 60 per cent more air 
than the swept volume of the cylinder. As a general rule, even 
with a pump capHcity GO per cent in excess of the cylinder volume, 
the proportion of air retained in the cylinder ^seldom exceeds 75 per 
cent of that available in a tour-cycle engine. This proportion is 
suttiedeLt for a mean pressure of about ilO lb. per square inch 
(reckoned on the full stiokc^). Such high mean pressures as this 
are, however, seldom employed, on account of the higli temperatures 
Involved, and these gencMally prove to be the limiting factor in all 
but small engines. * 

We will assume that the topical cugiue, already illustrated, is 
couverted to operate on th(“ two-stroke cycle, and that all the leading 
dimensions are unaltered. Assuming that it is uhnning on full load 
with a mean pressure of 100 11>. pei- sijuare imjK, thciS since jthero is 
an impulse or power stroke at every revolution, tlie indicated, horse- 
power will be 

100 X 1131 X 1-5 X 3i0 , ,o . I II n 

. 11.1 .. 

33000 

and the indicated thermal eliicicucy will be in the neiubbourhood of 
42 per cent, reckoned on the usual iiasis. Foi* aJthougli on tlio one 
hand the maximum temperature is lower, from lo to 15 per e'ent of 
the available expansion is lost, due to tlie piston ovei“ruiining tlie 
exhaust ports. 

For purposes of compari>on, it is assumed that the engine will 
run at the same' speed whether it is operating on the two- or four- 
stroke cycles, l)ut it should he remembered that, in tlie former ease, 
the time availal4e, lu^tli lor the expulsion <^)1’ tlje exhaust from, and 
for the entry of air to the cylinder, is substantially redue.tid, and that 
this may, in pra(;ticc, necessitate running at a somewhat lower sj)ced. 

Mechanical Efficiency of Two-cycle Engine. — It is now 
necessary to investigate the various mechanical and tiuid losses. 
Taking* first the se.avenging pumj), this has a cajiaeity equal to, say, 
1*5 times the swept volume of tin* power cylind(*r. To simplify 
the following ealeulations, let it be. assumed that the scavenge 
pump is also 12 iin boie but has a stroke of 27 in., or 50 per cent 
more than the power cyliiK^er. The pressure of air lequired to 
oyercome the resistaiusc of the .vulves or iuh't ports and expel the 
products of combustion is generally about a-.'i lb. per si^uajA inch, 
and this may he taken as n fair average figure. The pump, there.- 
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fore, must deliver its full volume of air against a pressure of 3-5 lb. 
per square inch above atmosphere. The mean pressure in the pump 
cylinder will probably be greater than this, depending upon the size 
and type of valves employed, but, however qarefully these are 
designed, it is unlikely that the 'mean pressure, including the 
suction loop, will be less than 5 lb. per square jnch. 

'J’he indicated horse-power of the scavenge pump will therefore be 

5 X 113 1 X 27.x 240 _ T tt p , 

3301)0 X 12 • • - J H.E. 

The mechanical ’efficiency of such a pump will jirobably be abqut 
75 per cent, so that tWs horse-povrer required to •overcome flie^ 
mechfenical friction of the pump will be 

9‘2 

= 3‘1 horse-power. 

ISie main piston friction will, of course, be considerably reduced 
in jn-oportfon to the total power, because, while tlae inertia pressure 
remains the same, the useful mean ])ressure is nearly doubled when 
reckoned on the same basis as in a four-wcle engine. The inertia 
pressure on tliis 'basis 'amounts to 208 11). per square inch as before, 
but in this case* about 50 per cent of the total inertia pressure is 
balai\c.ed by the compression pressure, so that the net figure maj 
be taken as about 110 Hi. per square inch. 

1 10 lb. per square inch + 200 lb. per square inch 
= 310 lb. ]ier .square inch. 

The piston friction will therefore be 

(310 X -t- 2-0 

\ 100 ,/ 

= 8 ’2 lb. per square inch. 

• • 

This friction is equivalent to 5'0 horse-power. 

1’he bearing and other friction losses will be approxinuftely the 
same in both cases, namely about 3 0 horse-power. ^ 

The quantity of high-pressure blast air required will be rather 
dess than double the quantity require^ for the Jour-cj’^cle engine on 
account of the lower mean jiressure, and the mechanical friction of 
the coijipressior will be proportionately low'd* on account of the larger 
size. • gn those grounds the toUil power absorbed by the air com- 
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pressor may be taken as 12 horse-power. The total mechanical and 
fluid losses will be as follows: — 


Scavenge pump 


Fluid loss 
MceliJinical lo'-'-. ... 
Piston friction ... 
Other friction 
Air compressor . . . 

Total losses 


9'2 horse-power. 
:1T 
f -TO 
:}0 
120 
S27i 


« ..Since the indicated horse-power is 123 ‘4 the brake 

liorse-power will bo 


123-4 - 32-3 = 91 1,R.1I.P. 


The mechanical ofiicioncy will be 

Ql-O 

= 74 per cent. 


If the iudica.tcd thermal efficiency lie 42 per cent, the net 
thermal efficiency will be 

V4 X 42 = 311, 


corre.sponding to a fuel con.sumption of 0-455 lb. })ei- B.H.P. hour. 
In comparing the.se re.sults with the four-cycle engine it mij.st be 
pointed out that, in the case of the two-cycle engine, owing to 
the lower mean pre.ssure, the indicated thermal efficiency is taken 
as 44 per cent as again.st 43 per cent in the four-cycle engine, 
hkperience with actual engines ha.s .showji that, taking the best 
examples of both types, the. net thermal efficiency of the four- 
cycle engine is generally about 5 ])er cent higher on full load. 
(In one-third load the two-cycle engine shows uj) less favourably, 
especially if, as is gencially the ca.se. the full-load volume of the 
scavenge pump b&.utilized. In this connection it should be pointed 
out that only a ceuioiiin small j»roj)ortion of oxygen is required for 
complet,^! combustion of the fuel on light lf)ads, the remainder of the 
air or gases being simply inert. Under the, so conditions there is no 
particular object in e.xpelling exhaust gases at the c,ost of a con- 
siderable .load on the scaA enge j)ump, and a laitter mechanical and 
net thermal efficiency would he obtaimsd if the; quarftity of scavenge 
air were reduced, though, so far as the author is aAvare, this is never 
done in practice. ^ ‘ 

On one-third load the brake liorse-power of the two-cyclc engine 
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will be approximately 30 and the mechanical and fluid losses 

will be: — 


Scavenge pump 


Fluid loss 

9 '2 horse-power. 

.Friction loss 


Piston friction 

40 

(?ther friction 

30 

Air compressor ... 

80 • „ , 

Total losses 

27-3 


The iiiTlicated horse-power becomes 

• 30 + 27-3 = 57-3 I.Ii.P. 


The meclmiiieal oliic.iefley 
30 

• — ,= 52-3 per cent. 

• \ 

'SJie indicatcsl thermal efiieieiicy at 57 ‘3 I.II.P. will be about 
48 per eefit. aiifl the net thcnnal ettieieiiev 

48 X 52 3 = ii5'l per cent, 

• • 

V 9 * % 

(‘onvspoiidiiJ^ to a Tiud consiinijii-ioi) of O’oGo 11). per B.H.V* Lour. 
If riov\ on oue-riiird load tbe air s(\iveng(' were I’educcd to OLK‘-bidf 
tlie fpiantity at i'ull load, tbe fluid loss in tbe scavenging pump would 
be redu(‘(Ml from J)*2 borse-powei- to probably about 3*5 borse-power, 
for the reduction in Tcluine of air vvc^uld iiatuially be accompanied 
by a icduction in the pressure needed and its Y(‘Io(*ity. Undiu' 
these conditions the niecliaiiical and fluid loi^ses would be reduced 
from 27*3 to 2 rti horse-] lower. 

The indicated boi si^-powcu' reijuired would be 

30 + 21*G = 51 *0 l.If.?., 

and the Uiecdiaiiical etiii-iency would be increased 

• • 

= 0 8*2 per cent. , 

5 I T) ^ • 


On account of tbe lower l.Ti.r. the indicated thermal eflicieiu'^" 
^should be higher, but this advantage will be countera(*ted to some 
ext(*nt, be(‘ause*the greater ijuaiititv* of exliau^t gffties retained in 
the cylindei* will raise the tcunperature tlyoiigh(nit the .cycle and 
^o i^cfcase The heat losses, llie differerK;(‘ on either *side will*be 
trifling*^ind the net result will pi-obably bf the same, tht*refore the 

'OL 1. 
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indicated thermal etiicieiicy may be taken 48 per cent in both 
cases. 

The net thermal efficiency now liecomos 

^ 58’2 X 48 .= 27*9 per cent, 

corres])ondin^ to a fuel consumption of 0*5 'ib. })ej- B.II.P. hour. 
Tims a very substantial saving in fuel mii»ht be effected if some 
means were ])rovid(Ml for reducing the quantity of the scavenging 
air on light loads. 

^ Before proceeding to discuss the mecluuiic'al details it will be 
well to tabulate the results* which have been arrived at at this 
stfige. l^atej- on, in this book, actual test tigures will 1)e quoted, 
and some of these are tabulated below with the figures arrived at 
from the foregoing reasoning. They will not Im' found to differ 
very widely. The typical engines that have bemi coijsidered so far 
are supposed to represent the best modern practice. The two-c'vc'Je 
gas-engine luis beeJi pui'|)osely omitted at this stag(\ becaii e its 
etticieiK'V depends almost entirely upon stratification, wnich is far 
too uncei’tain a, quantity to base any cah-ulations upon. Taking 
in each case an ec'-onomical load, generally alxuit 85- 90 piu* (*ent 
of the maximum load, we obtain th(‘ lbllow*ing figures: — 


liort* 

Suoke mclic.', .... 

K.P..M 

J’i.ston sj>cc(l, pci' iiifiimc 

Brake h()rsi*.-]M)\vei (at utonoiiiieal loa<l) 

liiiliralcd liors(‘-])o\Vfi' 

Mt‘c)ianical etticiciicy . . 

Jiulicat(!(l LhcMiial clliciency per (cut 
Corniireftsion ratio 
Air-standard cttici(‘ii(^v ])(‘r cent 
Maxirnnni prc.s.'^ure, jajinid.^ per Mpiareincli 
a)».s(>]iite> 

IVlean pije.s.surc, pound.'^ jier .s<]nare inch 
Brake theirnal cttici(*ncv per cent 
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If tluidoad be reduced to fUK^-third, th(‘ result'^ aiu^ as lollows:— ' 


Pow<‘i 
con trolled 1 

I 


(ff) hit-and-nii.ss. 

(/>) (|na.ktjiliv(; goyrning. 

(//,) (|iiiiliitiiti\'c g(jv(‘rniiig uiid reduced scavenge air. 
(r^ (|uai^tiliitive governing. 
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Kroiii the fihove fio^ui^s it will be seen that, from the pointy of 
view iDf net tliernnil etlieieney, there is l)ut little^ to elioose l 3 etw(ien 
the (‘onstant-volufcie and (‘onstant-pressure types, but, sine.e quanti" 
tative.iL'overifing is\at present the only practicable method of con- 
trollipj»' lar<>e explosion eni^ines, the efficiency of the Diesel type 
is (‘onsidei^bly hiulun* on light loads. 

T1h‘ following results are ccjleeted from a series of actual tests: — 
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'I'hc above results show (dearly that, fioin the ■])oint of view 


of net thermal efficiency, tlie Dic'sel engine has on full load nt.) 
jmuiounced advantage' ovct the gas«engine. The indic'atcxl thermal 
efficiency is, liowH'ver, considerably higgler than tflat ol*the gas-engine, 
riiis result, liowevi'r, is only to l>e expected sg long as it renii^ins neees- 
■‘^ary.t^ devo'te so large a ])ortion of tin' po,w('r outjmt o^the engine 
to the ^ujqjly of compressed air. On the gther hand, it has the in- 
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herent disudvantage tliat it may, under abnormal conditions, such 
as a leaky fuel valve or other cause, be subjec,ted to very much 
higher pressures than the gas-engine. Suppose, for example, that 
owing to some mischance fuel ('utered the cylinder during the 
suction stroke, and was vajauizcd during the compression stroke 
bo such an extent that the cylinder near thb end of tliis stroke 
contained an explosive mixture of air and oil. This vapour would 
be ignited before the top' of the stroke by the heat of compression, 
and the pressure whicli migJit eouctivabh- be produced under those 
circumstauc.es would be in the neigh bou'rhood of 1500 lb. per 
scjuarc inch. Tliat such a pressure as this W(»uH ever be produced 
in 'practice is well nigh impossible, but a momentary rise of pressure 
•up “to and exceeding 1000 lb. per squaVe inch is no uncommon 
occurrence in a Diesel oil-cngiuo, and the wholq structure of the 
engine must be made strong enough safely to wjllistapd such pics- 
sure. It is a common claiiii that the I)i(‘s('l (‘Ugine is free fioni 
all danger of pre-ignition. There can l.»c no greater fallacv.V 
The preceding calculations serve to dtunoustrate thfft the full- 
load indicated tlienual efficiency of modern internal-combustion 
engines has approached so near to' the idt*al efficieuiey for each par- 
ticular cycle, that no very great inj]»iovenu“'nt caii be. hojted for, 
unless some entirely new cycle be intrcMiuced, or means he employed 
for utilizing the lieat lo.st to the cooling water and tin* exhaust. 
Since further inci'caw* in the inflicat<'d thermal efficiency must neces- 
sarily be very limited, the attention ol cngiiiei'rs and desigjjors must 
be concentrated rather on the. elimination of the mechanical atid 
Huid losses. Particular attention should be given to the piston, 
which is tlu‘ ])rincipal source of mechanical lo.ss, and Avhosc weight 
limits the speed of rotation, tind therefore the pow(.‘r out-put from 
a given size of engine. 



CHAPTER VIII 


• det^:rmination of the mechanical 

' EFFICIENCY 

» 

• 111 tJie preceding chapters it has been shown that the indica*tcd 
thi'iyial elHciency of a modern explosion engine of first-class design* 
is generally within about 86-88 per cent of the "ideal efficiency 
for the actiiij wor’^iiig fluid employed. It has also been shown that 
the mechanical efficiency is generally within about 86-88 j)er cent 
of tlCe total indicated power. In other words, the scope for iniprove- 
uieiit botii as regards the thermal and mechanical c-onditions is 
about 13 per cent in each case. The thermal conditions have been 
<lcalt M’ith at considerable length, and it has betm showji that of tlu'. 
13 ppi* (*pnt losses, liput loss to tlie cylinder walls aiTOjnits lor 
sometbing like *10 per cent, and that any research in this direivtion 
should be devoted to eliminating the heat lo.sses as far as pos.sible. 
At the present time, and with the in.struments available in most 
engineering workshops and test rotyiis, it is (piite impossible to 
nirasure the mechanical efficiency of an intei-nal-coinbustion engine 
A\ith an}' appi'oach to accuracy, because, altljongh the brake horse-. 
])ower can be determined within very line limits, the iildicated horse- 
power can only be ascertained by the use of the ordinary pencil 
iiidicalor, wliich cannot be relied 'upon within about 5 [)er cent. 
Xow. a 5-])er-cent error in th(‘ indicated horse-power may easily 
result in a dO-per-cent error in the mechanical efficiency. With an 
optical indicator it is po.ssible to ascertain tlu* tndicati'd horse-power 
to within about 1 ‘5 ])e.r c,ent, but such an indicator is to^ delicate 
an instrument foi' tin' ordinary manufactun'r's test room, and its 
use is practically restricted to experimental laboratorie.s. Tefl:s 
foi' mechanical efficienev are oftuit made bv driving the engine 
round by means of an electric m(ttor and fiieasitiing the power 
absorbed, but such tests are of little ri'a^ value, becaufij^ both the 
frictiAi iind tlniil losses are enfirely dilVefeiUt when the gngine is*ut)t 
fii'ing.*. Probably riu* most accurate lyethod of measuring the 
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I 


niochanical efticieiicy of a iiujlti-cyliiider eii^iuo is that devised by 
Mr. Ij. fJ. E. Moi-se, wliieli consists in measuring the brake horse- 
power wlien all the cylinders arc in normal operation, then cut out 
the ignition of one (cylinder and again ascertain the brake horse- 
power of the remainder. If 

c 

H — number of cylinders, 

li •= total brake hev'se-power when all cylinders arc tiring, 
h = ^ total brake horse-power ydien n — 1 cylinders are firing, 
I = indicated horsc^-power of efuih cylindtu*. • 

• • 

Tljcn T = (B - h), which gives the indic'ated horse power ; and 
• • = mechanical ciiii'iency. * 

I . 

This metliod is, of course, only ap])]/eal)lc iy njuVi-tylindered 
engines, but it 2 )rovides a reJisonably ai'ciuate measurement of the 
mechani(‘al losses, tliough it does not subdivide the losses or Vive 
any clue as to how tliey art; imairred. It is net^dless to [)oint out 
that it is \ery desirable to find some nu‘ans of aseta taining the 
nu‘chanical elii(*ien(‘}', for t*vvo reasons: — • 

1. Since only the brake liorse-power can be measured with any 
rea.^onable degree of accuracy, the indicat(‘d liorst‘-p(;wei‘ and etfi- 
ciency cannot ])(‘ ascertained unless tin* mecdianical cfticiency is 
known. 

2. It is hopel(‘ss to attempjt. to im|)ro\<* tlie inecljanical efiici(‘ncy 
unless some means be found for ascertaining wljcre and how tin; 

Josses are inclined. 

Tlirouf’lioflt tljis liook tli<“ author lias oucloavomcd to calc'ulato 
the inechaiiical eliicifiK'y of the variou.s types of engines tleserihed, 
and for this purpose lie lias made certain assuinjitions. 'I’hese 
assumptions are based on the eolleetive results of tests that ha\e 
been published fioiu time to time. The data availabh' is very 
limited, and it will not be surprisinij: if several of hi.y assum])tiou.s 
re(|uire epnsiderable hiodifieation when more lioht has been thrown 
on this imjiortant subject. 

• Of the 13-per-eent mechanical los.ses jirobably about 3 percent 
arc accounted for by fluid los.scjj; that is to say, by work done on 
the gas(is in drawing them into the (cylinder and cxjielling them. 
Strictly speaking, these ^ are not niee.hanieal losses, but they are 
always classified under Jhat head, 'and sima; thm'r magnitude is 
dependent uiion the size and operation of the valves and* other 
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essentially njeciliaiiical cojiclitious, tlicre is some justification for so 
classifying them. The loss due to bearing fri(;tion prol)ably docs 
jiot, as a rule, exceed about 3*0 pei* cent of the total indicated power. 
Th(‘ remaining 7 per cent is apparently due to piston friction. 

flealing witli these items one l)y one; provided then' is no undue 
restric.tion in the exhaust or inlet pi})es, the power absorlx'd in 
chargirig and discharging the cyliiuhn* (U*.])ends uj)!?!! the velocity of 
the gases through the valves, the larger •the valves the. lower the 
vPlocity and the snuiller the Iosa from this source. In aw explosion 
engine, however, it is desirable that the velocity of the (‘iiterii^ 
gases sliall be fai*dy high, in order* that the charge within the 
cylinder shall be- in a state of violent turbulence, a conditii^ai (‘ssdn- 
lial for lapid and complete combustioji; for this r(*a,son very laTge* 
inlet Valves cannot be employ('d with advantage, for* the saving in 
])iimping loss^is mow than 4:ounteraeted l)y the loss of elHcieney due 
to incomplete comlaistion. 1ji practice it is generally found that 
th(' *|5est all-round ri'sults are obtained when the veloeity through 
tlu‘ iidet Valves is between 100 and 130 ft. ])rr secojid. These 
r(‘strictions do not aj>}»ly to tlie exhaust valve, but in this ease a 
higher velocity 4*an be safely emfdoyed, b^(‘ause tin* higher pressure 
of the exhaust gast‘s*at the moment of release creates so Iiigh a 
velocity in tin* •exhaust pipe, that a certain amount of scavenging 
lakes ]dacc owing to the inertia of the gases. Also, it is desirable 
to keep the diamcK'r of tin* exhaust valve* as small as pos.sible, for 
three reason.^:- - ^ 

1. This valve has to be lift(*d against a comparatively high 
]>n*ssure, and siin'C it is unbalanced, a severe straiji is thrown upon 
tlje valve gc*ai‘. • 

li. The valve* is ge^inuallv uncex»hMl, and is In-ated by the exhaust 
gas(.*s whie*h pass j'ound it’at an exe;cedingly high velocity. It can 
e)nly get ihl of the* heat imjiarte'el te) it by conehu'lion down the stem 
e>r through the seating. If the eliameler e)f the.vahe is large*, elis- 
teuliem is liable to take place, and therefore lealiage. 

3. ^i'hc valve, being unceK»led, is liable te) a'ttain so hif^h a tem- 
perature as to e/ause* premature igjiition. 

Tliese* re*strietions do neit a])})ly in the case of water-ce)olt*il 
e*xhaust valves, l)ut such valve's are so cumbre)us anel s<^) liable to 
* give* trouble, diu* to leakage* or failuiv eif the waiter fc*ire*ulatioh, that 
they are never emple)ye*el except when abse)lulely neeessarv. 

lib the ^'ase^ of l)ie*sel e*nghje*s a h)wl*r inlet vcle)e*ity (*ould*no 

m ^ • . #* 

doubt«!je employeel, for the necessaiy turbulence is produe'cd large*ly 
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by the high velocity of the blast air entering with the fuel. But 
in these engines, owing to the necessity for distributing the fuel 
thoroughly and uniformly throughout the combustion chamber, it 
is essential that it shall be a.s compact as possible. This means that 
all the valves are In jiractice, congregated together in a flat cylinder 
head, and since there are four valve.s in all, indiuding an air-starting 
valve, it is clear''that none of them can be of large diametej-. For 
this reason the g-as velocftie.s in Dio,sel engines are generally higher 
in proporlyjii to the piston. speed than in explosion engines. '• 

If the same quantity of gas entered the eyiindei' at e\ery 
cycle irrespective of the velocity through the ^■alves, then it is 
elt-ar that the work done ujion it would be pi' 02 )ortioiial to the 
• sqtiare of the velocity, and that therefore the fluid losses would 
increase directly as the sejuare of the S2)eed. Jn ]*raetiee,' how- 
ever. with a giAen area of valve openiug the voluinqtrie efficiency 
will decrease as the Aeloci'ty is increased, b(>e,ause the ])ressure 
ditlerence between the inside and the outside of the eylinSer is 
relied ujton to force the gases in. This irressure difl'ereflee is eoin- 
paratively small, therefore the fluid lo.sses do not increase as the 
square of the s])eed, l>ut« as some' function of it which has yt't to 
be deteimined. Tp to the juv-sent. time vi'iy lit'th* in\estigation 
has been cairied out, iind there is hardl}' sufficient data availabh* 
to determine wluit this function is: moreover, it is not dependent 
U[)OU tin* eflec'tive aiva and xadocitv alone, but also upon what 
miiiht be described as the nozzle <'oefficient of the orifice through 
the v.-ilve. Tor exaiupli*. n circulcn* rectaii^ulai* port will jkiss 
somethini*- like doiihlc* llie (|ii;uitity of foi- the sanu' etlee.live 
area and piv.'^f.aue diil‘en*nee llial aii ordinaj}’ jioppet valve will jiass. 
Attain, jmpiiet valve.^ wJiicli ojien direi'tly into the inain Ixxly of the 
conibufstion sjiaee will pass M)ine 20 ]>ei’ e(‘nt more i»a,s than those 
vvlii(Ji oj)en into a side poeket. Thv whole* (jnestion of tluid loss 
during tin* pum])i|ig strokes i‘e«|uires thoi-ough inv(*stigatioji, and 
sueli an investigati^ru* of this suhjeet w'ould hi* of gj‘(*at \'alne to 
designers, sinee it would <*iiah]e tlieni not onl\' t<» r(*du(‘e the Huid 
losses wdiieh are already coinj)a.ratively sinall, hut also t.o iiKTease the 
Ajolurnetric eflif*ieii(*y, whieli i.s (»f much Jiioii* im|»oi'laii(‘.e. The curve, 
fig. 22, illu.strates the fluid losses in terms of tin* J5.TI.V. at vary- 
ing sp^^eds; the. loss(?s in this case were measurixl diieetly hy means' 
of an optical indicator while the (‘iigim* was running under full load, 
and is one of the very I’c^v ])uhli?4ld*d t(*sts in w hich this 1 u»/a J)een 
done. The* engine used for these tests was a very small o^io, ordy 
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3-1% in. bore by in. stroke; and, unfortunately, the dimensions 
and lift of the valves are not recorded, so that no data can be 
deduced beyond the general shape of the curve; too much reliance 



must not, fio\vev(‘,r, be placed u^ion thi.s one exainjile. which may not 
have been normal. 

The curve shown in fig. 23 i.s computed from the volumetric 
efHciencie.s deUu'mincJ in a number of te.sts which have' been .carried 



J'ljj U.'>. - JMc'uii I’ivssuro ol Suction l.oop foi clitTciviit (^as Wdocitics with Norniul Valve Settinij: 

I'lid Poi>i»fl ^'^ilves , 


out on Viirious eit^iiuhs, mostly small of flie lifJj;lj-sjHH'd typo, 

by vx])tM-imi‘ntiMs. The horizontal j-eadinjts are hi terms of 

the vplt)city tlirouoli th(» valves, *;nid, as is*usiial, tliese nij' re(*koned 
on the •assumption that the volumetric* efljeiencv is 100 ]>er cent, 
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nnd tliat the valves are lield fully open throughout the entire stroke. 
The vertical readings give the power absorbed in pumping in terras 
of pounds per square inch of piston area. The curve is obtaine<l by 
calculating the actual velocity of the gases through the valve from 
the figures given for the volumetric efficiency, and assuming that the 
fluid loss is projjortional to the s(juare of the gas velocity. This 
ineth<id. gives tlu' fluid loss during the suction stroke only, the fluid 
Joss during the exJiaust stroke can only be. gues.sed at; as a general 
rule, with bqual-sized valves, the ('xhaust ))ack pressure is about half 
the. suction pre.ssure, and this ha.s luicn assumi'd to be the case in 
computing this curve. It has akso been chetked by comparison 
with a large number of light-sjiring indicator diagrams. It must 'be 
ch^n ly understooil that a curve such a.s this can only be re.garded as 
approximate, and is offered only in lieu of more .reliable data from 
actual measurement from a number of differe;>t engines; also, it 
i.s, of course, only applicalde to normal conditions, and miglit be. 
very wide of tlie mark if, for instam'e, tlu'ri; were any serious 
exhaust back pre-.-iSure. or if the pipework were so arranged as to 
offer any serious resi.slance to the free passage of the inlet and 
exhaust tra.s(>.s. ' * 

* X • I i 

Measurements of the fluid lo.s.ses when an enc’ine is being motored 
round are of little or no Aalue. because: 

1. The work done on tlie gases during compression is not 
returned in full during the cxpan.sion stroke; heat is giAcn up to 
the cylinder wall.s and is not all returned. 

2. The exhaust back ])re.s<nre is very much greater, be.cau.se 
there is no pre.s,sure jn the. cylinder when the exhau.st Audve is first 
opened, and' consequenlly no kinetic energy is a,vaiJablc to help 
withdraw the. exhaust gases. 

I’or both these reasons the fluid lo.s.ses, as measured by motoring 
the engine round, are far too high. From the above considerations 
it would appear that, .so long as the tuibulence ncccss.sary for rapid 
combustion is produced by the high A’^elocity of the. entering ga.ses, 
the.«e flpid lo,sses arc not su.sccptible of any great imjirovement; 
Imt they can be .somewhat reduced by careful design, both of the 
•pa.s.sages leading to the valve, of the valve opening itself, and 
of the Avails of the C3linder summnding the valve, Avith a view to 
improving the nozfh^ coefficient. * 

It is .quite conceivajile that the nei'ossary turbulence might be 
jn’oduced <^luring the. copipres.sion stroke, as, for exanqde, by •forcing 
the air or ga.se,s into a bplb Avith a restricted neck, as is don6 in the 
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case of some of the semi-Diesel engines, but from the point of view 
of the fluid losses this is only transferring the negative work from 
one idle stroke to another. Again, it might be produced actually 
at the moment of ignition by allowing a portion of the gases to 
pass into a small pocket communicating with thc*cyliuder through 
a narrow neck; if ignftion be commenced in this pocket, the rapidly 
expanding and burning gases issuing from the neck*will produce all 
the turbulence that is required in the main* body of the combustion 
s])fu'<‘. If this is done, very much largoi- inlet valves cfto be em- 
ployed with advantage, and the fluid losses considerably reduced.^ , 
For the purpose of calculating the fluid losses, the curve, 
figf 23, has" been •made use of throughout this book. , * 

Fo\’ convenience of <-alculation, the. fluid and other ]oss(!s have 
been expressed in ^mst eases in terms of pounds p(‘r s'quarc inch of 
])iston area in preference to percentage of total l.H.F., which v^ould 
•vary according to tin* mean eflective pressure. 

^iaring Friction. — ITnder this heading is included not only 
the friction*of the. maiji liearings, but also that of the camshaft and 
the power al)sorbed in operating the valves and driving such 
au.xiliaru's as ma.«netos, &c. • 

The b(‘aring friction, as distinct from piston friction, cannot very 
well be ascertained while the engine is in operation. By the use pf 
an acq/irate optical indicator it is possible to ascertain the total fluid 
and mechanical losses with a very fair degree of accuracy, and also 
to determine the fluid losses separately,, so that the total mechanical 
losses can be arrived at. but it is not possible to subdivide these. 

The onlv method t)f asc(;rtainin<» the bearine; as distinct from 
. . . . . ' • ' 
tli(* pistoJJ frit/tion is hy motorint!; the round witlf the pistons 

renio\('d; this oi\'(«s tuo low a figure, for tlie following reasons: — 

1. 'J'lie reinoA'nl (d' the pistons inA'ohes the removal of the eon- 

neeting-rods also, and heiiec the hearing* friction of the connecting- 
rods is not included in the total. • 

2 . The removal of tlje justons invoh-es the* feinoval of all load 
(ai the hearings due to the fluid pressur(*s and’ the inertia^ of the 
re('ipro(*ating pa i t s. 

The exhaust valve is not ojioned against pressure, 
hi the ease of single-cylinder sjjow-running engines tJie mean 
load on the hearings, due to the weighs of the fl}*-wherl, is generally 
considerahly in (‘xress of the mean fluid^ and inertia pressures 
througlKiut. the cycle, and thereffu'e the iviiioval of the j^istons do^s 
not greft^Jy affect the a(*.cinacy of this imdjiod of deterinining the 
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bearing friction. In high-speed multi-cylindered engines the fly- 
wheel weight is small in comparison to the mean fluid and inertia 
pressures, hon(*e the degree of ac'curacy is much lower. For this 
reason more weight should be given to those tests which are carried 
out on single-cylinder engines. Also, owdng to the use of a much 
heavier fly-wheel, the beaiing friction is considerably greater in 
single-c.ylindcr engines. 

Professor Itiedler has (*arjied out some very interc'sting investi- 
gations ill oi-dcr to discover the power absorbed in operating the 
j^alves while the engine is running under normal full-load con- 
ditions. For this purpos(» tlu' camshaft of tlie engine, was driven 
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indej)end(*ntly l)v aii e]c('tric motor, and tli(‘ di'iving cliain (*onne(*t- 
ing the crankshaft and camshaft was employed onJ\’ To ensure tlie 
correct relative motion of tlie two, but not to transmit any ])ower. 
This was aecomjdished by so ad justing the ])ower of th(i niotoi’ that 
th(‘ driving chain was slack on botli sid«‘s. investigations were 

carried out on a small four-cylindered jictrol engine running under 
full ioa<l and at v^irious spec^ds; the valve g(‘ar of such an engine 
will ali^sorb more jiower than in the cas(i of most other types of 
internal-comlmstion engine, because owing to the high speed, tin* 
•^^alves are relatively much ]arg(*r and tlic \'alvt‘ spiings much stifl'er 
than usual. "Idie results of the. investigations are given in the curve 
(fig. 24 ), from whidh it will be seen that tlM‘ powe.* absorbed by the 
valve ge^r vai*ies almost directly as the speed. In this case, liowev(*r, 
if appears^ that the po\yer alisorbed in driving the auxiliaries, con- 
sisting probably of a magneto and oil-circulating pump, was^ includi^d 
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lu that of the valve gear, for it appears from a photograph of the 
eiigiuo tested that these auxiliaries were driven from the camshaft. 

The curve (fig. 25 ) shows the power absorbed in bearing friction 
and valve opc'.ration of a six-cylinder Pierce - Arrow engine, in 
terms of pounds per square inch of piston area, as ascertained by 
Mr. Herbert Chase at*the New York Automobile Club’s Jiaboratory. 
In tins case the pistons and connecting-rods were removed, and 
tlie- engijj(^ motored round b}'^ a7i electric motor at various speeds. 
Tins engine^ had a very small hy-Vheei, so that the result? obtained 
Avill be very consideiably below the true figure when the pistgna 
are ic|)lac,ed, and tlrt- engine running undei- normal full-load con- 
<lirions. (.)n the ‘other hand, the b(‘aring friction in this case 

• m 



iii('ln(l(*s lljo power alisorbed in (lrivino\ not only the innoneto, l)ut 
uIm) till*, oil and water ( ircidalinii; piunp^. 

Piolessor llopkiiison, in his trsts in the hihoratovv of Cambridge 
IbjiAei'sity oji a (Jros^ley gas-iinginn having mie cylinder ll'j-in. 
hor(* and :21-in. strok(\ with a normal speed of 180 found 

tJiat tlic Joss due to lu'aring friction aiul valvt^. operation amounted 
to 2*7 pel- cent of th(‘ total indicated horse-jiowcr. I'his engine liad 
twoJuHivy dy-wlieels, and reli(‘d upon ring lubrication of tlie bearings, 
so that tlie iK'aiing friction would be above the av^u-age in this cr»sc. 

iMr. Pomeioy, in his t(‘sts on a four-evliufl^r Vauvhall racing 
petrol engine, of 4 bore and 5'f) stroke, found that tljp total 
power reepui-(‘d to ovtu-eome lK‘aring friction and ojierate the valves 
when th(^ pistons and conneetiiig - rods were removed amounted,* 
at a speed of 3700 P.P.M., to apiirc^xiinately 4 horse-power, eipial 
to about 3 per cxuit of the total I.T1.«I\ at this*spei^l, or to about 
3 lb. per squari‘ int*li on the piston. Tlys test is of particular 
intcre^ii>1f, becAuse the speial of VoTation Ts. exciuHlingly^high, y?t 
the beaniig friction has not risen to any serious extent above that 
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obtained in tests of similar engines at comparatively low speeds. 
In this engine the power reijuired to operate the vah’cs would be 
abnormally high, because not only were exceedingly heavy springs 
employed, but e!\ch cylinder was provided with two inlet and two 
exhaust \’alves, so tliat the ]K)wei‘ absorbed by the ^•alve gear would 
be nearly doublj^ that in Pjofessor Jliedler’s tests. 

With the exception of l’rofes.sor Kiedler’s investigations into the 
power absorbed l)y the valve gear, all the above tests were carried 
out with {he ])i.stons and cOnnecting-iods lemoved, and therefore the 
leadings obtained are all below the true figure, how much below it 
ij! not p(t.ssihle to say with any degree of ac^curacy. Pndessor Ilopkiu- 
sou, however, has state<l tliat he has found tliat tin' fiietion lo.ss in 
the case of the siiigle-cyliiidei* tMigine is practically coustaiit/. under 
all conditions of load. Jt is fairly cl(‘ar that under these conditions 
of testing the operation of the normal valve gi^ar aim units to about 

per cent of the total lo.sses under this heading, and that the 
actual bearing friction alone docs not exceed about (U' per cent. 
The actual figure depends both ujhhi the tyjjc of b(‘arings, systmn 
of lubrication, and weight of the, fly-wheels. 

Thes(‘ figures serve: to show that the loss. due fb le^aring friction 
is in any case extremely small, and tlia-l it is not worth while 
devoting much attention to its further rediK'tion. It is of far 
more importance': to ensure that the bearing surfac'es are ample 
and efficiently lubrieat(Ml. It is (dear that th(‘ advantage to 1 k» 
gained by the substitutiem -of ball beaiings is a trilling one from 
the point of view of iiiechaiiical efficien(*y; their real ad\'antag(‘- lies 
in the fact that they rcijuire vmy little ]u])rica,tion, and in small 
engines at a(l events, wheie the loading i> often seven* and the area 
restricted, ball bearings are considerably more I'tdiable, and will run 
for much longer periods without re([uiring adjustment or lencwal. It 
is also fairly clear that the fi’iction undei* this ht*ading does in(*i(‘as(* 
with increase of speed, but tin* incTement is small, and sincii the total 
friction losses includ(*d undei- this head arc M‘iy small, tin* incivasi* 
may for convenience of calculation be neglected. It will, thci cforc, be 
apt)roximate]y coirect to assume that in all normal engini‘s the pro- 
'portion of the total l.II.P. al»sorb(*d in overcoming bearing fricti(.)n 
and <^K.*rating tlie valv(*s and auxiliari<*s amounts to betwccji - and 
per cent of the' total I.II.P., .abd since* in cacdi of the tests (jucjted the 
noi nial m(*an pr(*ssurc (jf the engiiie is a])proximately 1 00 d). |)(*i- s(|uare 
inch, it foyow.s that tin* 3oss(*s are eepial to a m(*aii ])i(*ssur(* on'tko pis- 
ton during the power stjoke of between 2 and lb. p(*r sepj/ii-e imdi. 



CHAPTER IX 

.PISTON FRICTION 

Piston Friction. -As a gem-ral rule, piston friction cofi- 
stitutcs 1)}' fill' tlio^larffcst item in the list of mechanical loss(‘s. 

The iuinie(liatc and direct cause of the pist(»ii fiictioii is probably 
• the shearing' of the oil lilin formed between the cylinder and piston, 
and lli* power absorbed is dependent upon the thickness of the film, 
the viscosity of the oil, the area^ and the spi'ed. . 

The. coefficient of friction between the cylinder and piston is very 
much hicliei' tlnfti that of the bearings, and this probably is to la* 
accounted lor: — 

f 

1. 1)V the reduced su[»ply of lubricant as compared with the 
beai-iir|nrs. 

IJ. The thickenin<f of the lubricant due to partial carbonization, 
which greatly inciaiases its resistance to»shear. 

1. If the su])j)ly of lubricating oil to the piston be profuse, then 
a c-onsideiablc jiroportion of this oil will find its way into the com- 
bustion sjiace, where it will produce piv-ignition, both directly and 
indirectly. Directly, by coining into contact with some highly- 
healed ]»art, such as the exhau.st valve, and being “cracked ’ or 
broken down into lighter and chemically unstable fractions A\hicli 
will ignite at a lower temperature than the wsiJving Huid; and in- 
directly, by forming a de|)osit of carljon on' the walls ^of the 
combustion chamber and jtiston, which, being a })oor conductor of 
heat, reaches a sufficiently high temperature to set U)) pre-ignition. • 

2. Owing to till' high temperature attained by the heqd of the 
piston, a certain proportion of the lubwcant is bmind to be partially 
earbonized, and so thickened. In engines ^employing liijuid fuel, 
unless combustion be alwoluteh* eoinjilete'and jireeijiitation of the 
fuel on ^le walls of the cylinder eompletel}' eliminated, a portion of 



112 


THE INTERNAL-COMBUSTION ENGINE 


the partially carbonized fuel oil will mix with the lubricant, and so 
thicken it and impair its lubricating properties. Further, the film 
adhering to the walls of th(^ cylinder btimil is, at every cycle, 
exposed to the full flame temperature. 

In order to prevent carbonization as far as possible an oil 
must be employed which will withstand a hig'u t('niperature without 
decomposition ; such an oil has a very high viscosity and therefore 
a high resistance to shear. 

From-' such experiments as have been made on piston friction, 
4t _ appears that this varies nearly as tlie square, of the rotative 
speed and directly as the piston speed ; that is to say, the piston 
friction of an engine with a 20-in. stroke running at 200 R.RM. 
■vf'ould be doubled if the stroke were increased to 40 in. with the 
.same rotative speed, but if the rotative speed, were increased to 
400 R.P.M. and a 20-in. stroke retaiued, then the, piston friction 
w’ould be nearly four time.s as great. 

Now, if the thickness of the oil film were constant, the refrstance 
to shear would .presumably be proportional to the piston speed, 
whether this were varied by inenvasing the rotative speed or the 
piston stroke. 

The thickness of the oil film is, however, dependent upon the 
pressure between the surface of the piston and that of the eylindei- 
walls. The pressure of the piston against the cylinder foi- a. given 

ratio of eonnecting-rod to crank -- is dependent ujion the fluid 

t ^ 

pre.ssures in the cylinder, and ujion the inertia prc‘S,sure. The 
fluid pressures remain approximately constant over a wide range 
of speed, but the inertia pres.surcs vary us tJie s({uare of tin* rotative 
.speed, and directly as the piston speed. Now, as a general rule, 
mo.st four-cycle internal-combustion engines run at such a .speed 
that the inertia pres,sur(;s cxe-eed the fluid pi-essures when 
both arc averaged over the v'hole cycle, and thcTelbre piston 
friction depends mainly upon the inertia pre.ssure.s, and increases 
as they increa.se; that is to .say, other things being equal, the 
piston friction is mainly dependent upon the weight of th(^ recipro- 
« eating parts. 

Clearance of Piston. — Jt is very desirable to keep the clear- 
ance between -wha^ may be termed the cross-head portion of the 
jiiston and the cylinder walls down to the lowest po.s.sible limit 
cbiKsistont with leaving provision for expansion and distortion. If 
an unduly large clearance is permitted — 
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1. The noise set up due to the piston crossing violently from 
one side of the cylinder wall to the other may he very serious. 

2. Any tilting or other movement of the piston is objectionable, 
in that it causes the rings to slide in theii- grooves, and so induces 
wear. 

3. When the ring or ring-grooves become wmru there is danger 
of the burning gases passing down between th(! cross-head portion 
of the piston and the cylinder walls at a rsite sufficient to scour off 
most of tlje lubricating oil and carbonize the remainder; thus 
causing greatly imacaseJ piston friction, and even actual seizure 
under extreme, conditions. 

• A very .small 'quantity of gas leaking past the pi.^ton rings. *f 
allowed to pass down bctw«^en the trunk and the cylinder walls, 
\Aill very soon ca’J[)onize the oil to a degree* sufficient greatly to 
increa.se the friction, even* though the quantity of gas ]o.st by 
* l(*aka^oe may be insignificant from the point of view of 2 )ower or 
efficie*ey. ^ It would seem de.sirable always to provide a free vent 
for ajiy ga.ses which pa.ss the* pi.ston rings; thi.s c«au be done very 
(easily by turning a groove* round the outside of the piston imme- 
diately belovj’ the bottom ring and allowing communication with 
the atmo.sphere by dj-illing a. number of hoh*s in this groove through 
tlie walls of th(* piston. When this is done the leakage of gas 
becoiues more audible even when the rings are fitting well, though 
it is doiihtful wlietlior iho actual (jnantity which cs('a])cs is any 
greater. I^xpcricnce lias shown in nif^ny cases that th(i reduction 
both in fri(^tion and in the (jnantity of oil working past the rings 
into the eombnstion ehambi'r is verv niarked, and the resultino- onin 

• m ^ 

in power and eeoiiomy I'ertainly more than outweighs •any possible 
inereas(‘ in leakage. 

All tlu'se considerations presu[)])ose that both the piston and 
<‘ylinder aie truly circular, and remain so wlum heated. In practice 
rliis is not the case, and a certain amount of •distortion always 
oei'iirs. In those engines in wdiich a scparalt‘*liner is employed, 
which is simply a ])lain (‘vlinder of uniform thickness, tho^-imonnt 
of distortion is prol)ably inconsiderabh^ Distortion of the piston 
is generally duo to tin' ginlgi'on pin bosses, which locally spoil the* 
symmetry of this part, ainl also it is in part duo to the gudgeon ])in, 
which is nc(*,cssaTily a tight fit in thft bossi's. •l'he*cvil effe(‘ts of 
such distortion can be largely avoided by cytting away (»r, relieving 
the sulf*s of fhe piston in tin' in'*ighbourhood of the ginlg^'on pin, so 
that ai^ distortion wdii(*h may occur will yiot eanse tin* piston to 
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bind in the cylinder. This does not reduce the available bearing 
surface, because the inatoiial is only cut away at the sides, and not 
on the working faces. 

It ap])ears i*vident that slackness of the rings in their grooves 
is one of the most fruitful causes of the passage of oil into the com- 
bustion chamber. On the outward stroke of the piston the rings will, 
owing in [)ait to friction against the cylinder walls, ami in part to 
inertia, bear closciy agaiiist the uppm- facavs of tli(‘ir grooves, leaving 
a gap befow their lower kices which will 1 k‘ jjartly lille.d with oil. 

the pishm changt\s its diiei'tion at the end of tlu^ outward stioke, 
the ring> will change over and l)ear against the low(‘r faces of their 
gTooves, and a huge pi‘o])ortion of the oil expelled bv this inow- 
ment will pass behind tin* jings into the up))er space. In this 
manner at cvmy reversal of th<‘ ])iston a sn])stantial pro])ortion of 
the oil in tin* ring-grooves will bi' j>inli])ed u]) ])a.sr ^ihe lings, and 
s(j progre>si\ ely into the comliustimi ehanilx*!’. However closely 
the rings may be fitte<l, tliis action takt's jdacc to some (^xterTt, but 
the (juantily of oil pumped depends very larg(‘ly upon the side 
clearance of the rings, and is almost ind(*pendent of the number 
employ(*d. It would ap])ear that if bee vtmts wej*e jnovided at the 
liai'k of one of tin* rings by drilling ]iu](*s through the bottom of 
tlue ring-gi’oove, o[)en to atmospln*i-e or to tlie erankt'asi*. a consider- 
able proportion of the oil would (‘scape through tln‘se vents instead 
of passing up into the eoinl motion chainlu*!’. S(» Jar as the autlior is 
aware this method of eheckijig the passage of oil into the, e^oinbustion 
chamber has not yet been tiied. 

To sum up, it se(*ms faiii\' eA'ident that to rc'duei* jiiston ii ietion 
to tin* lowest ])ossible limit tin* ch‘aranc.e should lx* k(‘])t as small as 
is consistent with the distortion that may inkr pla<*e. rnl(*ss tin* 
supply of lulu'icajit be copious, and m(*ans lx* jirovided for p(*r- 
initting of the five escajx* of any gases that may ])ass the piston 
rings, the evils and dangers attendant upon eonsideiahJe clearanci* 
greatly outweigh t&(; advantag(*s, for what is gained by the use of 
a thicki*!' oil film is more tliaii outweiglied by the greater con- 
sumption of oil, tlic gjvater r(‘MStane(i <1ne to earl ionization of the 
•lubri(*.ant on the piston walls, the mon* rajiid eaihonizathm of the 
combustion (diamljej’, and the risk of scoring and sidzing. 

The above* remarks ji'fej '' only to the cl(*aiance betwevn what 
may be crossliead portion of tin*, piston and the 

(‘vliridcr w^ills. That portion alxivo and ixdween the' pistoh -rings 
may be allowed much gjvater clearance, liecanse its only function is 



PISTON FRICTION 


115 

to maintain the piston rings in place; and since it is very much 
hotter greater expansion and distortion take place. The clearance 
allowed in this part should be sufficient to ensure that it does not 
come in contact with tlie cylinder walls under any conditions, for 
the temperature of the metal is so high that it is not possible 
to lubricate it. It is gcmerally found that whatever clearance is 
pei'initted a}»ove the rings is rapidly filled up with a deposit of 
h^ird carl K)n - - this carbon, however, shows little or no tendency 
to score tl^e cylindcn* walls. Silice theiv. is always a gi/J^ between 
the ends of the ])iston rings it follows that the greater the (‘learj^ntae 
between the piston and (‘ylinder walls the more is this gap exposed 
and the gr(‘ater flie leakagi*. It is therefore desirable.to allow only 
just much clearance as is necessary to ensure! that this part of the 
piston shall not ^omc into actual contact with the (*ylinder walls 
when J)eated»to the highes’V working temperature; for this reason 
it is.preferable to machine the diameter of this part in ste])s pro- 
viding' tl^c inaxiniuin clearance above the lii’st ring where the 
t(‘mperature is at a maximum ^^nd reducing it progressively between 
the rings. 

» • 

Effect Ten\perature. — It is aluiost iuv,‘ivial>]y found that 
t]i(' pistfiii friction is reduced in a very marked decree as the teni- 
]pci'!ituj(‘ of the* cylinder walls increases. If, as may be supposed, 
the friction in au\ given (uigine is dependent u])on the viscosity of 
the oil, then it follows that this will Ite redu<-ed as the teui]K*rature 
rises and tlie viscosity decreases. TJie curves (fig. 26) show the 
ditfereuee iii the nu'chanical eJiichuicN' of a small four - evlinder 

V •/ 

Daimler engijic with dillcj-cnt jacket tcmpcnitiires. Since neither 
the tluid nor tln^ bearing friction can be appreciabl}" atlected by 
comjmrativelv slight ^*1lang\^s in the wall temp(‘rature, it follows that 
the higher jnechanical efficiency at the higher jacket temperatures is 
due soh'ly to I’eduction of ])istoii friction. 

Professor Ilojjkinsoii in his tests on the Cros{?ley engine, already 
alluded to, found that tlu' piston friction \ ariiAlT fi'oin 10 per (*ent of 
the l.Il.P. when tlie jacket temptu*ature was TO"* F. to G*l»per cent 
when it was raised to 180" 

Coefficient of Friction. — When j:l le actual pressure of th? 
piston on the cylinder walls due td the angular thrust erf the (*on- 
iiecting-rod is cOnsidere<l, it will be ITiiind to aniounf to only a very 
low figure, and it is somewhat ^surprising that the eogfficient of 
should lie so high. The explanation appears tojie that tlu' 
lubrication of the ordinary trunk piston more or less defective; 



ii6 THE INTERNAL-COMBUSTION ENGINE 

this is probably due to the carbonization of the lubricant. Such car- 
bonization is no doubt caused both by the passage of a small quantity 
of highly heated gases between the cylinder and piston walls, and by 
the high temperatures of the upper parts of the piston. In the case 
of oil-engines, and especially those in which combustion is not very 
(‘.omplete, the lubricant is largely adulterated with parti ally -burnt 
fuel oil,^and the coefficient of friction increased accordingly. If the 
cross-head portion of the piston be made separate from the piston 
head and ^cept cool the friction caft lx* rediu'iMl (mormously, for in 



lf(i. — sljowiijy IMocliaiiical Loss* of ])airii]er Kiifjiin at Various Speeds and 
.Taekei Trinperatiin s 

that case* this ])ortioij c;in 1 k‘ jn-ofusely liil'ricated without any fcvir 
of the oil beci)ming t'arbojiized, and sinet* tJu* lubricaijt is not sub- 
j(*(:ted to higli lenijxuatiires a very iniicli thinner oil (uoi be safely 
(‘in ployed. ExperiAi'ce with double-acting (*ngines employing an 
externabeross-head has shown that the piston and (*.ross-h(‘ad fricition 
combined is generally only about half that of an ordinary trunk 
piston. 

Asjiroving that nndei* normal conditions tJjc lubrication of trunk 
jiistons is defe(;Vivc, Professor Ilopkinson and others 'have carried out 
experimci;ts showing tlup if tin* pistons lx* ])i‘ofus(*ly lubric.ated with 
a hiixturc pf oil and water, oi- if tll(‘ lubricaiit lx* thinned by, any 
other means, the piston fi iction can be redu(',ed to little nuK-c than 
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oiie-lialf of the normal, but these conditions persisted only so long 
as a copious supply of lubricant was employed, and could not be 
maintained under practical conditions of working. The actual 
figures obtained were as follows; — 

Normal piston J!riction G1 per cent of I.H.P. 

With excessive lubrication with oil 

and water ... ... ... ill about. 

^ Tliis cxjjeriment can ])e dentonstrated in tlu' case ol» any gas- 
engine controlled by hit-and-miss governing. In such an enf^ing 
the meclianical (‘.fiicrency can be gauged to some extent by noting 
tilt* ]H-oportion of 'explosions to misses when running li^ght. Uiuk^r 
normal conditions the proportion generally is about 5 or (5 missfii*hs 
to each explosion ; ^if, now, an (unulsion of oil and water be admitted 
tlnoiigl) tin* air inlet \alve,*it will be noticed that the proportion 
of iiiissfiies will increase to about 7 or 8 :1, showing that the 
ine('hiKii(*.al^ elHekmev has l>eeii improved, and this will continue so 
long as the supjdy of emulsion^ is fed into the cylinder. From the 
very few publislu^J experiments in Avhich any attempt has been 
made to ascertam the coc'ftieient of ])iston' friction of an engine, it 
a])]H‘ai‘s that umler normal conditions as to clearance, lubrication, 

• . . . . I 

and temperature, and with a ratio of conne(‘.ting-rod length - = 5, 

• ‘ V 

the (ioetiicient of friction amounts to approximately 3 per cent of 
the total pressure on tlu'- head of the piston, referred to the power 
stroke only. These ex])erimcnts, however, have all been carried 
out on either gas or petid engines. In engines using oil fuel 
ihei-e is evidence that, OAving to contamination of tlie*lubricant by 
partially-burnt fuel, the coetHcient of friction is considerably liigluu* 
than this. 

Constant Friction. — The friction of the cross-head portion of 
the piston varies A^eiy nearly as the square of tha speed and a large 
number of oth(ir conditions, but there is a t*crtahi®ainount of constant 
friction due to the pressun* of the piston rings ’against the cylinder 
Avails. This source of friction is dependent upon the stift'ness of the 
piston rings, and so long as the rings are free in their grooves it 
apparently nearly independent of thp speed or any otlier conditions. 
Tliere is a good deal of uiisiippreheiisiou as tt) th(» proportion of 
piston friction due to the piston rings. As a^genorul rule, it does not 
tiiiioijrft to ifiore than al)Out. O'J ifi. ]ier square inel> of piston ar<?a, 
iuid istkftcii even loss; provided, of course, that the engine lias run for 
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a long enough period for the working faces of the rings to be 
thoroughly bedded in and polished. The approximate value can 
easily he ascertained in the case of small pistons, by placing the 
piston with its rings in the cylinder, and noting at what angle of 
inclination to the horizontal it will slide down the cylinder barrel. 
If the weight of the piston and the angle of inclination are ascer- 
tained,^ the pre'ssure per square inch necessar}' to overcome the 
constant friction can lx' arrived at. In oil-engines both of the 
vaporizing and seini-Diese] type, there a})peai‘s to l)e a considerable 
ipnount of “ giuiiming ' of the piston rings due to partially-burnt 
fuel, and there is some reason for supposing that this greatly 
increases the friction of the piston rings, and therefore the constant 
friction due to them. 

Area of Bearing Surface. — The area of 1;he bearing surface 
of the piston has a considerable inlluen^c on the jnstev^ fri(*tion, and 
here again opinions differ A'ery greatly. It is gcuieiall}' argued that 
the greater the surface the lt*ss the load per square* inc'li, and.<klicre- 
fore, the less the.'wear of both the piston and cylinder walls. This 
certainly appears an obvious argument, but it is neverthe](*ss opeui to 
question whether it is akogether a sound one. To l)c‘giii with, the 
greatest average pressure, exccj)t in unusually slow-running (*ngines, is 
that due to the inertia of the* reriproeating j)art^. Now. any iiiereasc 
in the bearing surface ]>eyoiid a (*(‘rtain limit involve^s a e(>ri‘e.s,pond- 
ing increase in the weight the piston, for altliougli it may be 
argued that tlie increased bearing sui'face ran be oluaiued by merely 
increasing the length of the >kirt of the ])i<lon, y(*t foi- this extra 
surface to of any value the .^kirt must Im* stiffeii(‘d to obtain 
absolute riij:iditv to such an extemt that the iiiej'ease of weitilit is 
aliiKJst proportional to the increase of suihux*. If this be the ('ase, 
and considei'ing tlie ineitia forces only, it is clear that lh(*. sole (‘fleet 
of increasing the surface ha> lM*eii to increase tin* total |)i’essnje, the 
pressure per s(^inv(‘ inch remaining the saiiu*. Th(‘ w(*ar on the 
piston will lx? the* .lame, but that on the cylinder walls will be 
greater,^ for the we'ai- of the latt(*r is dependent upoji the total 
j)re.ssure. Hence, (?(jii.sidering the inertia fore(‘s alone, tin* Jiet result 
i)f increasing the? bearing surface by lengthening the piston will be 
to increase both the piston friction and the wx ar of the cylind(*r. 

\Vli(*n the ffiiid «.ind inerUi pressuic's are nx'.kcxicd out in their 
true? proportion, it will ()ft(*n be found that any incr(‘as(i in bearing 
suVface (obtained by lengthening llu" piston will result ‘in a t.eyious 
incn?ase of tin* piston friction due to tlui greater ar(*a of tlie fwl film. 
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110 very material reduction in tlie pressure per square inch of 
])e£i.ring surface, and a considerable increase in the wear of the 
cylinder walls. That is to say, all that hits been accomplished by 
so increasing the ])earing surface has been to transfer the wear from 
t\w piston, which is c.omparatively cheap and easily renewed, to the 
cylinder, which is mdre expensive and much l(?ss easily renewed, 
Mini a considerable increase in the piston friction* brought about. 
T]i(» whohi question of bearing surfac'.e fr^m the ]:)oint of view of 
\\Tar is iiitiTnat(‘ly bound up witji the proportion whic.li tjie inertia 
pressures bear to the fluid prcissures. 

Agfiin, taking the other extnune, it'is clear that b(‘yond a certain 
limit iji the otlie*- direction any further reduction in the beariiAg 
smface will (*tl'ect only n \ eiy trifling reduction in the weight ^of 
the piston, mid thus the bearing pressuri‘ ])(u- s<|uare inch will be 
greatly increai^ed, with tin* »f(‘sult that the wear of the jiistoii will be 
rapid and the reduction in friction small, for what is gained by 
rediic^^ig the area is lost by the reduction in the thickness, and 
Ji(‘n('(* the greater resistam-e of the oil film. 

It would apjMNir that so long fis tlie clearance is (Mit down to the 
lowest possible iiniit, in ord(M- to® ensure tlie mainteininee of an oil 
him all round tlTe ])i.'?Pon, the hearing surface^ may safely be rtiduced 
far below ])r(‘smft'-<lay piaetice. 

hi\perieu(*e with liigh->pecd petrol engim^s has shown that, from 
the [)oinl of Adew of piston friction, it is advantagt*oiis to reduce the 
h(‘aring surfaci* to the low(‘st possible limit, and it has also sliown 
that the wear holh on th(‘ cylimler walls and pistons is surprisingly 
small. 

In till* cas(‘ oi* rai'iiig ])(‘trol engines it has hetni fgiind that tlu' 
jasioii friction can l)c still further reduced by drilling hoh^s in the 
wall of the ])istons, and thus nut only still further reducing the 
h(‘aring suiface, hut alst» allowing some of the oil entrapped be- 
tween the cylinder Avails and ])iston to escape, and so reduce 
the fluid resistam'e of the hihricaiiT; but it Jt^ust be reniemhered 
lliat in those engimvs the pistons receive far ‘more lubricant than 
in other tyj)es, l)ecause the craidv chambers arc idways totally 
enclosed, and, owing to tlie high speed and profuse lubrication 
of the bearings, oil is sjjhished on to flic cylinder walls in groat 
quantity. , • • • ' 

Inertia of Reciprocating Parts. — It lias already been 
])oiqt(*d out? that the pressure *01* the pi?^oii on the cylinder wiJls, 
due t«!,the inertia of the i-eciprocating parts, generally Vxcceds the 
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average fluid pressure iu the eyliiider, and tliat tliis therefore is 
the main factor producing piston friction. Tlie inaximuui inertia 
pressures arc, of course, far helow tin* maximum fluid pressurcis, 
except in the case of exceptionally high-speed ejigines. From the 
point of view of' jiiston friction, however, it is not the momen- 
tary maximum pressures that neeil he considt'red, hut the mean 
a\erage ju’essurt thronghmit the whole cycle. 

The iiierti.-i prossiiive at ('ithoi* end of tlie st.ioke, in terms of 
pounds p^r square inch on the piston head, may he calculated fi*6hi 
the formula: 

At tile commencement of the stroke Fj = (l + -y). 

" •// X r \ If* 

At the end of the stroke K. = (] - M. 

</ X r \ U 

V' — weioht of ret‘ipro<*ating ])‘Njts, in terms •of pounds per 
Mpiare inch of piston aiva, 
r — ra<lius of crank in feet, 

V - velocity of craidc-pin iii feet ])cr si^cond, 

(j ^ gravity = :V2‘'2, 

I = length of conne(*ting'-rod in feit,, 

F “ pressure on piston dm* to inertia, in Imans ol‘ pounds 
pel- squan* inch. 


It is interesting' to consider the case of an engine of, say, Jh-in. 
bore liy :24-iii. stroke, running at a speed of liOO IM'.’M., and in 
which 

tr ~ Ih. per sijuaic inch, 
r = I, 

— X 'MlO 

r = " " — - — = lM ft. ])(*!* second, 




= f) ft. 


.") X iM X :21 


111 tills case p; - + 1 ) 


111 . per .sonare inch. 
-_Ln _ M 

r>5 }h. prr squaie inch. 


Th/.*se arc' the* maximum inertia Jircssurcs, in terms of pounds jier 
square inch® of piston area at eithi'r end of the stroke. It .v ill ])e 
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noticed thfit the inertia pressure at one end is (sonsiderably greater 
than at the other, due to the finite length of the connecting-rod. 
SiiKic, however, from the point of view of piston friction, the 
luaxiinuni pressure is of no account, the influence of the length 
of tlie conneciting-rod need not be considered in this respect, and 
the following very niuRli simpler formula can be employed : — 

F = O’OOOlZ /r.s‘ X .2, 

% wlu'ie ir = weight of reciprocating parts, in pounds jier 
» s(pj<ire inch, 

II. = revolutions per minute, • * 

.s- = leiintli of stroke in feet. • 

• • 

This formula gives the mean average ineitia pressure during one 

stroke, and in ordwr to phna* the inertia p]er>sure on a par with 
the fluid pre.^'sure as usually reckoned it must, in a four-cycle 
engine, be multiijlied bv four. 

ln'\I,b,casc th(‘ mean inertia pressure during any one stroke 
becomes • 

F = O-OOOir X 5 x,20() X 200 x 2 x 
• =*,•’■! Il>- P'‘'' aquare inch, 

• 

()]■ :U X 4 = lb. jkm- .s<|uar(‘ inch when referred to the power 

stroke, only. ]f the eoeffieitMit of pinion friction bt* taken as 3 j)er 
cent, then th(‘ jhston friction due to the inertia furce^ alone, and 
cx[)ics.sed in terms of pounds per sipi^re inch of piston area, will 
amount in this case to 

X loG = 4*08 lb. per suiiare inch.* 

As a further examj)lc, ft is interesting, to coiisidm* the inertia 
j>rc.sMne> in the cast* of a hiu'h-specd j)etrt>l cniiiin* havinj:,, sa> , 
a G-in. strokt , and runiiino- at a s[>ccd of 300i» li.V.M., a not un- 
common sptM'tl for a modern lii^h-spct*d ene:ini*. • In this case the 
W(‘ii»hl of tin* recij)roeatini>' will be retliieed to thi‘^lowt*st 

possible limit, and will [)r(»bal)l\' not ex(*et‘d 0’3 lb. ])(‘r square int'li 
of ])iston art*a. 44u* mean inertia pressiirt* referred to the power 
stroke beeomes ^ 

F = 0 00017 X 0*3 X 3000 x 3000 x*\ x 'i x 1 

= 4oi) lb. pt*r square int^i, ^ ^ 

or vastljt in excess of the fluid ])ressure. 11‘^the coettieient of jiiston 
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friction bo again taken as 3 per cent, tlicn the power absorbed in 
overcoming piston friction is ecpial to 

X 4G0 = 13\S lb. per square inch of piston area, 

or about 12 per cent of total indic^atcd lioi;se - ])ower is absorbed 
in overcoming •the piston friction due to the inertia forces alone. 
'I'be smmd example is suhion'iit to indicate bow very large a pro- 
portion qf the total loss may be due to piston friction produced 
by the weight of the reciprocating ])arts, and how vitally important 
it is that the weight of these shall be reduced to the lowest 
j'ossible limit. 

X Tlic minimum weiglit of tlio ivciproj ntiug parts of an engine i.s 
governed hy tlie maximum pre.ssur(‘ vvliieli they liave to wiLlistand 
under tlic most extreme abnormal eonditions, that is, in tlie event 
of premature ignition. In tlie ease of ex})losion engines the jiressure, 
may under thes(*. circumstanees rise to as liigli as 4^ times the 
eumj)r(*s>ion pressure. In T)ies(4 or semi-])iesel engin(‘.srfi.. hs liardly 
conceivable tliat the maximum pr(‘s4.ure could excet‘d about times 
Th(‘ eompr(‘ssion. Now. siii(‘(‘ the meelianii'al etiicieney of an engine 
dejiends vcu-y largely upon the A\eiglil of t*h(‘ reciprocating [larts, 
it folhiws that ihe engine wliicli can show tlie lowest ratio of 
abnoiina] maximum pressure to mean ])ressure will ]ia\e th(‘ liigliest 
mechanical efliciency. The mean juv.ssurc must he e.onsidered as 
being spivad over the wliole cycle. Tli(‘ ibllowing figuj’(‘s show the 
effect of this ratio upon tlic mechanical efficiency of a. niimhcr of 
difi'erent tyj^es of internal -combust ion engines. Tlu* figures ai e 
averages, and in each ease the piston sjieed is assumed to he 750 ft. 
})er minute: — 


Tyiic. 

( Vilii- 

.Milioriii.'il 

MaxuiiuiiJ 

Ali'aij ni».'^iti\o 
J*iuj(l Prrssurt o\ei 

Whnh (>]r. 

iiiuni !•> .Moan 
Pns''Mri-. 

Mechanical 

Krticn.-n(*y. 

i 

iNjli'ol 

< 1 

• • 

405 

•J7 

15 : 1 

‘JO 

(Tas-ciiginc ; 

’ 150 

i 1 

075 

ii:? 

! 

J!)4 : 1 

1 

80/ 

SfJTni'TlieriCl 

li.'iO 


■JO 

4:rs:i 

z 

Dicr.cl 

I.'jO 

* ._J 

1500 

J7 

55-5 ; 1 



* In spite of the greatei- ratio' of maximum to in(\an presiuire the 

^ Exclu>siv<‘ of ]iigh-pifS,suro toiiiprc.ssor. ,* 
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Diesel engine, exclusive of the high-pressure blast air compressor, 
shows as high a mechanical efficiency as the semi-Diesel; this is 
probabl)’^ to be accounted for })y tlie more complete combustion in 
tli(‘ true Diesel engine, which results in better lubrication of the 
piston; also the Diesel engine reepires, and generally receives, 
1>etter workmanship afid more careful treatment. 

Fluid Pressure. — Jii most internal -combustiftn enginps the 
mean })o.sitiv(‘ ffuid pressures amount to from 70 to 110 lb. per 
Sijuare inch; but tlie total fluid .pressure^, including the««negative 
j)r(‘ssur(^ during tlie compression and pumping strokes, are con-, 
si(l(‘rably greater than this. The nH‘an positive pressure is tlie 
tolfil i)ressur(‘. dui4ng the working stroke minus the compression 
pressure. The total jiressurc. however, is the mean pressure during 
the compression stroke* ]j1us the total jnevssure during’ the working 
stroke* plus tho^pre‘ssU]'e during the pumping strokes; that is to say, 
•it is iMpial to the me*an peisitive jiressure plus twice the compi’ession 
pre‘ssu‘^<^ plus the* pressure* during the* pumping strok(!S. In an 
ciigiLC luiving a cruiipressiein pressure of, say, 150 lb. pe*r square 
iue'h the* me*a]i pressing df conipi-ession will be* about 2G lb. per 
s(piare^ iiie-h; this»must be double*el* ami added te) the mean positive 
prevssure; the* pre*ssu re* ’during the pumjiing strokes is geiiei-ally so 
small that it. may Ik* rie‘glee'te"d. 

In, eeuisideriiig the pisteui friction it is the teital ffuid and 
not the me*an jiositive Iluiel ju*e*ssinv that must be taken into 
ae'count. Fig. *J7 shows a tyiue-al gas-engine* inelicator eliagram 
liaxiiig a mean e*ii'e*e*tive* pressuie e)f !) I lb. pe‘r square ine*]), as 
it might be prexhie'e-d by a continuous indicaloi', from whie*h it 
will be* sceui that the total Iluiel ])ressure, be)th pejsitivv and nega- 
live* reucnvel te) the* working stre^kc, amounts te) l4-‘) lb. jier sejnare 
inch. 

Kig. '17 u shows the* te)tal ffuid ])re*ssurc acting e)n the piston 
throughout the* wheile ('Vede. • 

Fig. '17b sheiws the* inertia pressure*. • • 

Kig. '17 i\ the* ce)iiibine*el ffuid and inertia pressure. ^ 

Fig. 17il she)ws the total ffuiel jiressure as refenvd to the we)rk- 
iiig sti‘oke* ale)ne*. 

Kig. 17 r she)ws the te)tal iiie*rtia pn*ssure in the same way; and 
Kig. 17 1\ the* ce)inbine*d ffuid ami iiicirtia pivssfire. • 

It will be noticeel that the* ffuiel ami inertia pressuivs are not 
always •e*umnhitive, but that at* e*e*rtaiii iferieids during tlie eyefc 
they counteract e)ne am)ther, such, for example, as during the latter 
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part of the eoiapression stroke, so that it is not correct to deduce 
tlicin separately and tlion add them togetln'i'. 



COMBINED FLUID AND INERTIA PRESSURE 

J'ku*! uiwl ou ;t l'’oui-f\c’lr. StroUi* 

2 ft , Jv.lMNI. ’JVi. ot M‘< ipMK'utin^ piiits*! lbs. por "iii in. 



Total fluj'l iiinti.i 'I'olal ((inilanofi 

hint' n^fi'in il to r»- liuul uiul iiii itia 

tim* '.rrokc frin-fJ to one n-ffin-Ml 

stiokr to fiin- siroki- 

t I'lft 1*7 

Influence of ‘the Length of the Connecting-rod. — The 

<) 1 ‘ tli(* (.*oiitic(.'tijj,<»-ru(l proljfibJy lias some iiillN(*m‘e upon 
till' pi.stoii friction, for if i< obviou.^ that tlj(‘ slioitcr tile rofl'^in pro- 
pojtioij to till* (.rank tlirow the greater is tin* angular thrus.^ on the 
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cylinder walls and the greater the friction. Broadly speaking, the 
longer the connecting-rod the better, but it must be remembered 
that a longer rod means also a stiffcr, and therefore a heavier 
one; since a certain proportion of the connecting-rod varying 
from one-quarter to one-lialf must be regarded as reciprocating 
weight, it follows that it would not pay to increase the length 
to an indefinite extent. In practice it is usual* to makf; the 
length of the connecting-rod equal to five times the crank throw; 

that is, - •= 5, and tJiis app*lics to 'practically all internal- 

‘ . . . . • ‘ 
combustion engines with the exception of petrol engines, in which 

• / • * 

the ratio - is sometimes as. low as ?>-7. The lencth of the con, 

jiecting-rod also infljiences the side thrust of the pistori. as upon it 
and the crank >throw dcpend.‘» the obliquity of the thrust between 
Till! crank pin and the piston. 

Foi’rnila for Deducing the Mechanical Efficiency. — 

It has already been explained tl^at iIk; indicated hor.se-iKmcr of an 
engine <-annot be arrived at with any high degree* of accuracy with 
thf ordinal ^' iK'ift-il indicator, on act-onnt ’ of the inertia of the 

Vi • • • 

inocliJinisin, tlu* nf tlio <liaunim. and the unfavourahle 

lalio lH‘t\V(‘eii tlic* inaxiiuum and moan prcssui'i^.s. rrof'essor Hop- 
kinson M'onsidoi's that even iimh^r tlu* best conditions the pcnudl 
iiidii'ator I'aniuil Im* iclicd upon to record the indical(‘d hor.se- power 
^^ithin f) ]>ei' cent. Manv u\’ the indic^itor diairrams pulili.shod in 
this book will, if intej^rated. slmw lueelianieal etbeiencies varying in 
one in.stanee from 74 ]K*r ctmt to 1^*5 jier cent for the same (‘ngine, 
and in anotlier instance the indicated horse-power as recorded liythe 
indii'ator is a('tnallv less than the brake horse-power. ith the 
optical indicator far more accurate results can be obtained, because; 

1. The jieneil and multiplying levers are replaced by a ray ol 
light, whii'h has no weight, and therefore no inei*via. 

L\ Anv degree of multiplication i*an be obtitined at will, and 
tlms a la.ruer diaijram can l)e aiven with a smallei’ mov(*meiit#of the 
))iston or diaphragm. 

T\w mnltiplving meehanisin consisting only of a ray of light 
is trietioiiless, ami hence a vim*v muyh smaller and lighter piston 
can he used witlnait errors due to friction. * • 

The optit'al indicator, liowevt*r^ is iieeiV'isirily a very jlelii'ate 
instnimflnt., iihd somewhat too Iraaile for u.s(‘ in an oi’dinarv test 
room. •• 
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It is needless to point out that it is very important to ascertain 
the indi(;ated horse-power of an engine, for unless this is known the 
designer is working in the dark as to the thermal conditions that 
obtain in his engine, and he cannot distinguish between the thermal 
and mechanical losses. 

Throughout this book tlie author has endeavoured to calculate 
the livid and met*lninical losses by means of a formula. In explain- 
ing this formula, it is necessary to sa.v at the outset that it is ])uj'dy 
empii'iea’i, and, at best, imuely air a])proximatioii, but ijt is prol^ably 
« con>iderably more accurate tlian the. (U’dinary indicator. Eor a 
formula of this sort to bi' of any practical' value it must l)e a 
simjile. ont‘, and therefore it can only^take into account a few of 
the mure imtioitaiit ^ariallles. It will not be at all surjiK/sing if, 
when more is known a.s to the causes of the »nechain\'al losses, it 
will be necessary to modify it very eo'e.sidera bly, but in the pi-escuit 
state of knowledge it gives tolerably correct readings when ^.a^iplii'd 
to the few ca>(‘s in which a(*curate t(‘sts of meclianical eli^ci^.cy have 
been macle. aiid'this is really it^ cnijy justilication. 

The formula presiijiposes several condition?- whi(‘h have not yet 
bt'en .satisfactorily established. For exampje, it*assymes that 
pistoi .1 fri(*tion is a defiiiitt* p(‘rcentag(‘ of tli(‘ [)r(‘ssui*e on the 
cylinder A^alls. Also, it a.'<>umes that tin* frietion of tin* bcai ing^ and 
valve-o])ei*ating mechanism is tin* sann* under all c(mdition.'s (vf speed 
and load. This latter assumption is admittedly incorrect, but tin* 
pi‘oj)ortioii of lajaring friction i.s so small, that it is not woi’lh 
while to complicate the foi-mula for tin* >ako of cc»rrecting tin* 
small error iiitro<lnce<l. Tin* f<»ll<iwing are tin* assum])tions nunh*, 
but in tin* jnactical aj)])lication of tin* formula tln*y sln)uld, of 
course, be varierl at dis<*i-etion to suit tin* .'Special conditions in 
each case. 

1. That tin? fluid losses, that is t<> say the ar(*a of tin* suction 
loop during the. •pumping stroke.^, is gi\'en by tin* curve tig. 
and is de[)endent^sV>lcly uj^on tin* Avlocity through the valves. It 
does iM'>t take into acc^^iunt tin* .>izc* of the valv(*s, wliieh has a I'crtain 
influence ujion the nozzle co(*f}icient. It assumes that the valves 
open into .side pockets, f)s is generally the <*a.sc, but that the walls 
of the cylinder suriouiiding tin* jiockets admit of fn*!* (*ntry and do 
not restrict fhe eVlective vitlve area. For valv(*.s opening din*ctly 
into thg eyliinler hea<Lthe. pnjportion of fluid loss should be I’tidiiced 
hy some .20 25 per eent. With a mean gas veloeity tbrdiigh the. 
valves of 130 ft. per second, the fluid Joss is con.sidered as ecpial 
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to a mean eflcctivc 2 )re.ssure of 3*5 lb. per square inch of piston 
area. 

2. That the bearinn friction is a constant depending to some 
extent u[)on the weiglit of the fly-wheel and the Jiujn})er and nature 
of the auxiliaries includ(Mi under this head. The minimum figure 
is taken as 2 lb. ])er scjuare inch for multi]>le-eylinder engines having 
wry small fly-wheels and f(‘W auxiliaries, and the maximum #fign re 
as^3*5 ])>. per squares inch for single-eylindei* engines with heavy 
flv- wheels apd oil and w^ater-eirculating 'pumps, &c. Tlfe actual 
ligui’c adopted must depend in each ease upon the general design* 
and ty})e of the engine in question. For eonvenieiice of calculation 
the* losses art' all ^given in^ terms of j)ounds per square inch o? 
])iston >in*a reft'ired to the working strokes only. 

Tht' piston fri(*tion is the largest item as a rule, and is the most 
(lilliculk,ont‘ td^deal with. It is asMimed that this is proportional 
*tc» the,p)tal pH'ssure on the })istoii from both fluid and inertia foi’ees 
coinbiiind.^ It has already l)een shown that tin* fluid and inertia 
forces are not eumnlativ(\ l)nt that the total pressures on the piston 
varv in normal engines from })er cent to 80 pei* cent of the sum 
of the fluid iyid fijertu^ pressures, in order to simplify (*aleulation 
it is assmne(1 that the inertia ami fluid pressures are cumujalive, 
and th(‘ error is pai’tially corrected by taking a lower figure for the 

c-0(‘tHck‘nt c)f friction than actually ajqx'ars to l)e the ease. Such 

tests as have iKaui made seem to indicate that the [)ro])ortion lost 
in justoii friction varies from 3 ]m*i' cent in gas or ])etrol engines 
to per ('(‘lit ill oil-engines, of the total pressure on th(‘ ])iston 
K'fei’HMl to tin* j)(n\(‘r stiokt* only. In order to.coinpensate for tin* 
error int r(Kluei‘il by adding the fluid and inertia i)res>ufes together, 
the proportion of jiistoii fritjtion is taken as 2 per cent and 3 per 

c(‘nt respt'ctively ; this pri*su])]K)M\s that the total ])re>sure on the 

l)iston lepresents (Ki'fi ])er cent of tin* sum of the inertia and fluid 
l^ressures, which is a fair avei-age figure. The Awmula aNo pre- 
sii[)])oses that tin* ratio of the connecting-rod feligth to the craidx 
throw is in tlie neighbourhood of 5:1. • 

The only ae(*uratt' information usually available is the brake 
horse-power, and it is only possible to ealeiilate the mean positive * 
fluid ])i*essure from this, ddie mean pressui-e of eompri'ssioiT usyall} 
varies from 20 to 40 lb, ])er square iheh in an* exjifosion engine 
and from 50 to t>0 lb. jier square ^ineh in ii Diesel engine. This 
must bS doubled in onlt'r to arrive at tfu' total fluid .pressures. 
Since tlrtiK is only a comparatively small variidde, and has very little 
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infliieneo on the total figure, it is convenient to regard the loss due 
to fluid pressure during the compression stroke as a constant and 
add it to the constant friction of tlic piston rings. The value of the 
constant for both fluid pre.ssure and piston rings is dependent upon 
the size of the }>iston and the number and spifng ten.sion of the 
rings. For ordinary gas-engim's, using town gas and free from tar 
or (lilt, the con.stant friction may be taken as equal to 1 lb. per 
square inch. For small jtetrol engines it may be taken as Tfi.-lb. 
per square inch. For Diesel engines using a verv high compression, 
•J lb. per .square inch, and for semi-Di(‘sel engines using heavy 
residual oil or ^•aporizing oil-engines there is rea.son to believe that 
it may be a< high as 3 lb. per .square inch. 

The formula for ascertaining the pi.ston friction in t“rms of 
pounds per .square inch leferred tt» the power stroke then becomes 


F 


constant -I- 


f(uu*aii positive^ fluid 
\ pres^;ure \ 


, (iiH'an iuorlia ])ro.s.>un‘ i*i‘- 1 
ferrod to powei* stroke 

^100 




'J'he L-oij^tiUit iinist lie varit‘(l at di^cndioii aucorclino to tlu* ('la.s.s 

t ~ 

of engine, a.s must al^o tlie uo(‘tfirio!it of. piston f>‘i(*tion, wliicli 
ajtpanMitly vaiies l)(‘t\v(u*ii '2 and ]hm* cent, dcjiendino upon tlio 
area of liearing surface and the iiatui'i* of llie find. Tlie (*.ocilici(‘nt 
of friction of course (l<‘]n*iuK viuy laigcly upon tin* tfunpcraiurc of 
the cylinder walls. Init it may sifeiy 1 m* a-suni(Ml tliat all tests arc 
carried out at a tcnijKuatur * at wliicli tlic piston friction is i’(‘(luced 
to near it.s ininiinuni, lor the clfcct which jacket tcnipci*atur(‘ lias 
upon the mcchanica] ctticiciicy i> t lihUTMiglily recognized. 

In order to (‘alculatc the mechanical (‘tiicicn<*v of an cnninc 
h\’ this means thc^ following information is iicc(‘^<ai‘v : 

1. The general design of the engine (in order to he abh* to 

(^^^inJate the value of the constants). 

2 . The brakcdioise-power. 

:l The liore and stroke. 

4. Th(* levolutions per minut(*. 

5. The weight of the reeipiTK-ating parts. 

(I. TIjc effective port ar(*a of the valves. 

It must. r>f couise, lx* und u-;tood that tin* above formula refers 
only to four-eyele singl(' aelting engines using tiunk pistons, but 
these form by far the cnajority of the Tiiarjy typfv- rif int-ernabc.om- 
liustion engine. WIku] an exteiiial eross-liead is employed there 
is good reason for IxdieA'ing that the piston frietir)ii is reyiueed to 
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approximately onc-half in spite of the extra weight of reciprocating 
parts involved. In the case of tandem double-acting engines using 
separate cross-heads, very high mechanic-al efficiencies are sometimes 
obtained if the pencil indicators employed can be relied upon. In 
such engines a high mechanical efficiency might reasonably be ex- 
pected, for the ratio of j)ositive fluid pressures to inertia pressures 
is very high, and the use of external (!ross-heads nvill go far to 
i cduec! piston friction. 'Che formula is not applicable to tw'O-cyele 
(•n]>ines, because, in this case the fluid losses are generayy much 
gi cator and Vary widely fn diffin-ent typos, and also the influence 
of the inertia forces is considerably less. Further, in two-cyCle* 
engines there is generally a .separate .scavenge pump who.se me* 
clianical eflieienc.y would als<o have to be a.scertained. * * 

The author wi.shes it to be clearly understood that the above 
formula is oflc^ed fatliei- as j* .sugoc.^tifin. It.s only ju.stification is 
• that, within the limitations laid doAvn. it ngree.s fairly con.si.stcntly 
with file few ac,c.ur.‘it.e results that have been obtained in engineer- 
ing labofaiories. It is very much to be hoped tjiat in the near 
future tho.s(> experimenters wlic* have well-ofjuipped laboratories at 
their co]iimand will turn their attention Jo the iuve.stioation of 
tljo fiu'tors c'ontr^^llinj:' tlie (‘triciency, wliich influence 

tlie jK‘rlorinan(.*e an enuinr To an extent fully as great fis the 
llKMUK/lyiianiie side, upon wliidj nnudi re.-icareh has already been 
carried out. 
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CHAPTER X 


VOLUMETRIC .EFFICIENCY— COMPRESSION 

I 

Volumetric Efficiency.— lu any tyjH- of intPijial-comliustion 
engine volinnetrie olHeiency i.s a eon.sidoi'ation of tlie first ini])ortanee, 
for liotli the eominereial and also the theinial effieieney are depen- 
dent upon 'it. For eipial teinjieratuies and piston speeds, the 
mean pressure, and therefore the jiower of an engine, is" depen- 
dent almost solely upon the volumetrie eltieiehey, 'ind, sinei* the 
eninmereial value of any engine is largely based u])on the jiower 
it will d(*\elop, it follow," that, from the e.ommereial point of view, 
volumetrie effieieney i." the first eonsidei’ation. Again^ trom the 
point of view of thermal effieieney it is obvious that for a given 
mean pressure the higher the volumetric effieien.ey the lower the 
maximum temperature that ean be emploVfrd, and therefore the 
more efficient the engine. In the ordinary accepted type of internal- 
eombiistioii engine the volumetric efficiency is dejiendent primarily 
upon the .size of the valve." ; but it is also dependent to some extent 
Ujion the .diajie of the valve pa.s.sages, the position of the Aalves 
in the cylinder, and the design of the pipe- work. In deciding u])on 
the size of the valves it is neces."ary to effect a compromise between 
two coijffict'ng factors, namelv. low velocity and turbulence. In 
order to jirovide the ncces,sarv turbulence, which is es.s(‘ntial for 
rapid and complete combustion, a moderately high velocitv of the 
incoming gases is nece.s.sary. On the other hand, the higher the 
velocity the greater the fluid friction lo.ss and the lowei’ the volu- 
metric efficiency. , , The actual velocity retpiired to produce the 
nece.s.sary turbulence has yet to be decided, but there .seems to e 
little doubt that 1.30 ft. per .second is am])le in any engine in which 
the combustion chamber i.s rea.sonably eomjiact and fri'e from ver)' 
.shallow pocket". In engines in which the valves open directly into 
the lylinder bead i) velocity fif 100 ft. jici' .second ap[)ear.s to be fully 
sufficient. With a Yvell-designed valve gear there i.s very little lo,s.s 
ef voluilietric efficienc}' at vcloi'-itics below 130 ft. per .seci.'iid, but 
at higher velocities the efficiency begins to fall away fairly qipidly. 
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The curve illustrated in fig. 28 shows the mean volumetric 
efficiency of a considerable number of engines of different types. 
The volumetric elii<iieiicy is reduced to terms of standard teiAj)era- 
turc nnd pressure, and is therefore con.siderably lower than that given 
bv direct ni(!asurement of the air at ordinaryatinospheric temperatures. 
With an inlet velocitj'Vof 1 00 ft. ])er .second the volumetric efficiency 
i.s 74 per cent, and docs not vary more than 2 pej^- cent in half a 
<lo 5 !en different tests by different experimepters on widely different 
tfpes of engines. At 200 ft. per .second the ni(!an figurji for the 



CAS VELOCITY THROUGH VALVE PORTS FT PER SECOND 

I'l ‘JS — \‘olunieliic Lltlicu-iuy in Uelatiun VrKKMt]^ tln’oUi;h \ iiKe Ports. Mean, of t number 

of lL'st:> on tiittVrerit engines with norinul 4alve settings and iu>ppet valve'» 


voliiinotric oilicieiu'v ()4 per cent. l>ut this •wnried ^roin 61 per 
cent to 67 per in six ditl’erent enuines, tlie vaiiations ])eing 

due, no doubt, to the dittemit design and po>itioii of tlie valves and 
])assages and the conseijuent value id the nozzle coetticient. At 
-oO ft. piu* stM'ond the voliiinetrii* etticiency varied Ironi 4- [)er 
eent in an engine with shallow .side jiockels ^tyid ])ad]y-designed 
valves and j)assages to t)4 ])er cent in the case of an engine with 
valves in tlui liead and no ])orkels. 

Influence of Compression Ratio.- The compression ratio 
employed luis an important bearing on •the suction temperature, 
hut verv little upon the voliiiuetilc^ eliicieiicv. The lower the 
compression ratio tlu‘ lower is the thermal etliciency and the higher 
the teiy[)eratjir(' of the residual ^a^es, biU,>*ince they are i^xpaiule^l 
down t^o atmospherie pressure before meeting the iiieoining charge, 
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the dilference iu temperature between them is small and may be 
neglected except where a high tlegree of accuracy is required. 
Generally speaking, the temperature of the exhaust gases may be 
taken as approximately 1100° F. under all except abnormal con- 
ditions of operations, in which circumstance the actual temperature 
should be taken. < 

If the pressjiv of the residual exhaust gases at the beginning 
of the suction stroke is only atmospheric then the compression ratio 
has no ivtlnence on the volunietiic efficiency, for although, witli*a 
low compression, the quantity retained will be greater, 'yet it must 
be ‘ leinembered that when mixed with the incoming charge the 
i*esidua] ixases will be cooled, and bv contracting: will make room 
fer a larger charge, with the net ivsult that the volumetric 
efficiency is .unatfected by the compiession ratio so long as the 
prt'ssure of the gases is not above tin- atinospHoricY pressure. In 
practice, however, it is generally necessaiv to dose the exhaust 
valve so early that it is ahno>t. if not quite, shut by the end -of the 
exhaust stroke, and the 2tres.'.ure of the gases is gene ralK'^sliolitly 
aliovc* Jitmo>i)li(‘ric‘ pressure; under r'lie.M* ronditions the eoinpression 
ratio does have a rather imporlfaijt Ijearing u})()i; the volumetric 
ettieiency — tlie liigher the cumjiression tin* ‘higlitr tlft 3 volumetric 
etheieircy. 

It can he sljowii that if in any four-cycle iiJtei*na]-eonihusiion 
engine the pre»uie Avithin tlie cylinder at tlie commenceriKuit and 
eml ol the suction stroke is exactly atmospheiic, then, owing t(> 
admixture with the residual exliaust gaM*s, the volumetric etticiency 
wlieii referred to slandai'd temjierature and jiressuic will not exceed 
8:2 per cent^ and tliat this hgure can only he raised eitlnu- l>y 
scavenging, hy supercharging, or hy cooling the incoming (*harge to 
a temperature A’ery considerahly heloAv that of the atmospliere. In 
the case of, say, a petrol engine haA’ing a comjuession i-atio of 5 : I 
aiul a relative efticitmey of (i7'5 j^er cent of tin* air standard, or :>2 
jier cent, tlie highest mean pressuj-e ohtainahle with a mixture 
strength of 100 H.T.U.s per cubic foot, which is the greatt*st 
strengtfi consist ejjt with eonj]>lete. comhustion, is 

100 X 77^ 82 , 

~rr~ T7!o '' iTw 

• • = 142 Ih. per s<juare inch. 

T*his is ilie absolute li*m,it of jm.*.yiure obtainable in ^ this engine, 
assuming that tlie cylinder is comjjh‘te]y emptier! of <‘xhaust gases 
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down to atmospheric pressure at the beginning, and completely 
filled with fresh charge up to the full atmospheric pressure at the 
end of the suction stroke. It also assumes the highest practicable 
compression ratio for a petrol engine, and a ver^^ high figure for 
the relative efHeien<iy when using .so strong a mixture. No 
account is here taken of the lower suction temperature in a 
j)etrol engiiic, due to the latent heat , of evaporation 'of the 
1ft, uid fuel. , 

The curves a, b, and I', fig. 21), give; flic highest mean pro.ssures 
obtained in the case of a and B, a. petrol engine with a com* 
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])ression ratio of (a) 5 ; 1, and (b) 4:1, with ga^ vehxMties ranging 
from lOU to 250 ft. p«“r second through the iidet valves, and with a 
mi.Kture strength of 100 15.'!’. I .s iter euhie foot as calculated from 
tlie mean coliunetrie eltieienev cur\e (fig. 2H);. c I’efers to a gas- 
engine with a eomjire.ssion ratiti of : I. and a mixture .■<lreugth 
of 70 Jl.T.lJ.s jtei' euhie foot. In both ca.ses it is a.ssnmed that the 
valve timing is normal; that is to .say. that the inlet valve does not 
open until the exhaust valve is clo.sed* .so that tht're is no .sca*veuging, 
«‘ind that the inh‘t piping is .short ami of large diameter. 

Scavenging. — This can be^acvompli.sln’d h\ taking advantag*} 
of the inertia of the How of the ga.se.s in the exhaust pipe to with- 
drajy so1u^‘ of the residual exhau.st ga.ses from the combustion space. 
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and replace them with either pure air or combustible mixture. 
To effect this withdrawal it is necessary so to time the opening 
of the inlet and exlijuist valves that both are o])(*n together for 
a ^horr period at the end of the exhaust stroke. In this manner 
a (‘onsiderable improvement in the volnmeVic efficiency can be 
effected, but it u-an only l»e secur(‘d when the wave* periodicity in 
the exiiaust }>ipe is in .synchronism. If out of phase there is a 
serious ri^^k of exhaust gases being driven back into the inlet poTit 
mid then readmitted to the cylinder, sol that the j>i»oportion of 
exhaust pix>ducts is increased instead of being reduced, and the 
wlumetric efficiency diminished in conseejuence. In engint‘s (»f 
the constant-speed type it is possible so»'to pi-oportion the exhaust 
pipe that a certain amount ni‘ s(*avcnging does take })lace, 'but in 
variable-speed engines it is extr(‘melt\ difficult !o d(;), this. AVheii 
combustible mixture is admitted through the inlet valve this 
method of scavenging will result in the loss of a certaiPi' pro- 
portion of unburnt mixture through the exhaust, and-^is only 
admissible in cases when it is desired to obtain the maximum 
possible })ower without (^fuisideration of economy. In some engiiu's, 
such, for example, as the Premier ( Jas-engine, jiodtive scav(*nging 
by melins of an air-])ump is em])loyed, with tin result that the 
volum(!tric efficiency is substantially iinjnoved, and mean ])ressuji‘S 
as high as 110 lb. ]ku' s<juare inch can be economically (*niployed 
even when working with product*!’ ga^. 

Supercharging.— This can be effected, but to a very limited 
extent only, by taking advantage of the ineitia of the gases in the 
induction pipe to rftise the jiressure within th<^ cylinder at the end 
of the suction stroke to a value above atn)osj)heri(‘. It <’an also, 
of course, be acc^unpli^'^hed nKM-hanically by means of an air-])umj). 

Exhaust Back Pressure. So far, the (‘ffect of restricting 
the fiee How of the exhaust gases Ijas jjot b(a*n considered, and, 
(*xcept in the case, of very badly designetl exhaust silencers, it need 
not be taken into •consideratimi, Ijecause., as a gtuieral rule, owing 
to the exceedingly high velocity of the exhaust gases wluui fiist 
released, their inei’tia is so great as to ov(*reome th(‘ n'sistance of 
anv reasonablv well desie'ncd silencf*!- without throwing anv s(uious 
back pressur<; upop the pistpiT, or a}»pre< iably inlluencing the volu- 
jnetric efficiency. 

« Exafjjination of ligliU^'jjring mujicator diagiams generally reveals 
the fact that the exhaust ]iressure falls to almf)st atniosplau’ic 
pressure at about the juiddle of the exhaust stroke^, but'i’ises to 
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about 2 lb. per square inch above atmospheric at the end of the 
stroke owing to the early closing of the exhaust valve, except in 
such cases when the valves are set for scavenging. It is only the 
yjressure at th(‘ end of the exhaust stroke whicli liy,s any influence 
upon the volumetric efficienr-y, and this is nearly independent of 
the average pressure, fluring the stroke. Exhaust^ back pressure 
may consifhuably increase the negativf* work f)ri the piston, Jjiit it 
wijl luivf* very little inflnence on the volunietrie efficiency, unless, 
as is too often tin* case, exhaiists from* multi -cylindered* engines 
arc so connect(*(] that one cylinder (‘xhausts into another just jat» 
tlie beginning of its suctifui stroke: whcTi this occurs it is obvious 
tliaT- th(‘ cleaiaiu'C* space icwives a eliarge of higlily-lu^ated gases 
inimedi^utely lad'orc the ('ommfUK'cment of tlie siu'tion strokf*, an3 
this JiatuT-ally has tjie worst possible^ influence upon the volumetric 
efficiency. Th> question of j»'ij»e\voik eeiiemlly, and its effect upon 
“eliiirgiji^ and cxliaustiiig, is dealt with at greater length in another 
eliiipter. 

Influence of Compression on Thermal* Efficiency. — 

Althoujf tlieon'tieallv. the ettieienev of an internal -combustion 
Migiiif* is (l(‘yemlVnit uyioii the eompressioir latio, in practice tliis 
statement re(iuires considerable revision, foi* altliongh tlie theoretical 
cfliciency imuHSM.sc.s with increa'^c of compression, tlie inechanieal 
(‘ilii'ieiHy decrease's, so that a jioint is reached at wliicli any furtlier 
inert'ase in tin* ('omju’ession pre>'^ure counteracted liy increascMl 
mechanical losses, and the net gain 

In fig. .10, curve A represents the air-standard I'fficiency for 
compr(‘ssion ratios, varving from 2:1 u]) to 14:1. and curve i; 
71 per edit of tlu* air standard, and is the ai*tual indieattMl efficii'iny 
wliicli might be (*\peeted from tirst-class eugiiies ruuniug on the 
<'onstant-^■olunle or ('xplosion cvcle- - 71 per (‘Ciit of tlie air standard 
being tlie liigliest projiortifui r(‘alized in tirst-class engines working 
with a comparatively W(‘ak mixture, with a mi*au ^*ffiM*tive pressure 
of about 80 11). ])er s<juan* iueh on gas,* f\ud eorrespoiiding 

ynessures on ot)i(*r iuels. It will lie notii'ed that w^tli eom}wessioii 
ratios above 7 : 1 the increast* in the indicated thermal effieienev is 
e.oniparatively small. 

It has already been s1k»wu tha^ tlie ineehanical efficiency of 
any ordinary single jufting truiik-pistoiT engine dt^p'tndent. other 
things being (*qnal, upon tlie eompr<;ssion ratio, sine(* it is this wliieh 
d(‘ti‘rniifies tlfe maximum jiressiifes and tlierefore the weight fd the 
working# parts. The enrve c, fig. 30, gives^the highest ineehanical 



THE INTERNAL-COMBUSTION ENGINE 


136 

etticieiicy geuerally obtained with various compression pressures in 
single-acting four-cycle engines of present-day design. The piston 
speed in each case being taken as 750 ft. per minute, curve i) gives 
the actual or br^ike tlierinal ethcicncy olitainable. It will be noticed 
that curve D reaches a inaxiinum of 30 per emit when the com- 
pression ratio is 11:1, and declines slightly when the compression 
rations still further iiicreasi^l. In practice the exi)losion or constant- 
volume cycle i*annot "be employed when the compression rgtio 


I I. 



ftOMPPE5SiO\ RATi-^ 

ijC. — (,'ur\o ‘'huwiiig liitluciicr of Hallo 14)011 litlicicncy 

exceeds aliout 7*5:1, liccausc the temperatuie of comprevsion 
become^ so high as to cmum* ])n*mature ignition; li(‘n<'(‘ at th(‘ higlun- 
compressions a ditterent and lc.>s efficient h(*at cycle niu.^t be em- 
ployed, and that*]?, why engines of tin* smni-J)i(‘s(‘l ty[)e having 
a cfuii{jr(;s.^ion ratio of abiait 10:1 di» not show brake thermal 
efficieiif ics as high as 30 jxu* c«*nt. "I’he eui ves of nn‘chanical and 
brake thermal efficiencies apj>ly only to single-aeting truid'i'-tnston 
four^eyf^c engines. When double-ac*ting cylindt*rs arc* employed, 
or when an Vxterlial (‘lOss-Ijead is usc‘d, tin* ine(-hanieal efficiency 
is considerably higheii, and tijc ccniclusions with n^gard to thci 
maximum coiiipi*(*ssion latio j'ecpjiVe nK)dific-at ion. 1 lie (*iiVve I) is 
iiitere.sting, in that it, shows how comparativ(*ly little advantage 
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is gfiiiied in practice by the use of very high compression, and that 
tliere is no gain whatevcir in using a compression ratio higher than 
about 11*5 : 1, corresponding to a compression pressure of about 
300 lb. per scjuarc incli, unless some nn^aiis l>e fou^id for increasing 
the mean pressure to^ a figure considerably in excess of that at 
present obtained. 

Pre-ignition. — In the case of explosion engines the degree of 



Fig. . SI. -Tciiiiifiature and PiONMiif of I'oinju'os.'^ioii. ( I’ > v)^ Initial teinjaMature 

vaiyinj; according tt) compression r.itio 


coin])rt*ssioii is limited by the ignition ])oint of the fuel, for it is 
obvious that to guard against the danger of j>re-jgnition the maxi- 
niinn teinj^erature of eoin[)ression must l>e wipI^ below this point. 
Ih'ofessoi* Jlopkinson lias found tliat the ignition ])oint of t^wn gas 
is about 1350° K. when eompresMMl with air to a pressure of 150 lb. 
per square ineh, and is al»out 1550° F. at atiuo.spherie pressure; that. 
IS t() say, be found that ])re-igiiition,oeenrred just beft>i'e tJie end of 
the eomprt'ssion* stroke if any point within tli^ eylhider exceeded 
1350° F., and that the ebarge ignded iis it, entensl whon^tbe tem- 
perature rose to 1 550° F. i * • * • 

T\i% eurves, Hg. 31, give the pressure^aiid temperature of the 
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gases at the end of the compression stroke for different compression 
ratios. These curves are calculated on the assumption that the 
value of y is 1 '35, that the temperature of the gases at the com- 
mencement of the compression stroke is proportional to the quantity 
of exhaust gases retained in the clearance space, and ranges from 
300° F. with a compression ratio of 4 : 1 down to 1 60° F. with a 
ratio (>f 14 : 1, and that the juessure at the commencement of the 
compression stroke is exactly atmost)heric. 

Engines of the explosion or constant-vc lume type use the highest 
i.ompr(^ssioii which is coni])atil)le with freedom from t)re-ignition, 
and this in practice generally ranges from 3 to 7*5 : 1, de])ending 
upon the fuel. AVith a 3 ; 1 compression ratio, as frequently used 
in pariiffin (Uigines, the maximum temperatuic of compresijioii is 
720° F., while* Avith a compression ratio of 7*5 : 1 the*, temperature is 
000° F. Both these tempeM'atures are ^considerably l)ef()w the newmal 
ignition point of the fuel, but it is necessai y to provide a very wide 
margin, beeviiise it is not the mean temperature of the whol^bulk of 
the mixture that has to be considered, but the highest local tem- 
perature at any one t><>ii^t. This may be* raised to a. ve‘ry much 
higher figure than the mean by the presence of sufUi uircoole*d jKirts 
as the exhaust A’alves and igniter points, and also by particles of 
carbon whi(‘Ji are de})osited on the walls of the combustion space 
and the piston he*ad, and which, being poor conductors of heat, 
are liable to reach a veiy high temperature. There is, moreover, 
another cause of premature dgnition which is not generally recog- 
nized, but which is none the less very prevalent, naniely, that 
due to jaotieJes of lubricating oil coming in contact with hot 
surfaces, such as the head of the exhaust valve or the centre of 
the piston; uinlei- tlie.M* (*onditions the. oil will be deconqiosed or 
“cracked''. lhn»wing down a d(‘posit of (airbon and liberating 
free hydrogen which has a very low ignition })oint. Froh^ssor 
Hojjkinson has found that ordinary gas-engim* oil will (*raek and 
cause pie -ignition' if dripped on the head of the, exhaust vahe 
wlieii tie tempmatuie of the surface exceeds about 800' F. In 
order to guard against this source of [ire-ignition, whii-h is more 
"[irevalent in horizontal .than in v(Ttical engines, the exliaust 
valve, should fie phif-ed at thv* lowest jioint in the cylinder, so 
that it will \i(:t as a, drain and jirevfuit the accumulation of 
lubricanf; this arrangecjn^ut not only minimizes the jisk due to 
pre-ignition from cra(;king of tin* oil, but it also, of course, leduces 
the cariion deposit on the cylinder walls and piston h(*ad, host, of 
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wliicli is due to decomposition of the lubricating oil rather than 
of tJie fuel. 

Explosion engines using paraffin, and also those using coke-oven 
nas, which has a high j)roportion of hydrogen, are han^licapped by the 
low ignition point of the^fuel. Paraffin engines are still further handi- 
ciij)i)ed by the necessity for pre-heating the combustible mixture in 
Older to vajxirize it; for this reason such engines can, as a rule^ only 
use» compression ratios of about to : 1, and since the pre-heating 
of the fuel al^io results in considerable reduction in the vofumetric 
cfiiciency, it follows tliat the mean pressure and therefore t\ie» 
me('hanica] etfie.ieney are reduced. As a i(*sult of this the brake 
tliernuil efficiency cff sucdi engines is limited to about 3J per cent/ 
hi ])ratftice the effi(aency is generally lower, owing to defective 
va])oriza,tion and (‘.O¥ii1)ustion. In order to make possible the use of 
ji\ liigher. compression ratio, ami so improve the effiiaency of paraffin 
(“ngiiiei*> vai’ious devices ar(‘ resorted to with the objec'.t of preventing 
])rc-igniii:)n, cuther by reducing the compression temperature or 
jircventing admixture between, tlie component parts of the (‘-om- 
biistible mixture until near the epd of tJjc (‘compression stroke. 

In Older do r(;du(‘i‘. the compr(‘ssion temperature, it is a very 
common jiractice to admit a small quantity of water in the fi^rm of 
a fimdy-divided spray into the cylinder during the suction stroke. 
This water is tlnm (‘vaj)ora,tcd during the compression stroke, and 
lakes up a portion of the heat of compression, thus enabling a higher 
compression ratio to be employed without; increasing the compression 
tempera, tine. By this means the etlicdency can be very substantially 
imjnoved, and a conqncssion ratio as liigli as or in some cases 
l a : I, can la* einidoyod. Nsbicli would allow of a bi*ikc thermal 
effic iency of ala)ut 24 per c'eijt if tlie fuel were completely vaporized. 

In exj)(‘rimental engines compression ratios as high as 8 : I 
have he(*n (‘injjloyed with very favourable results, but since such 
(‘ngim*s (l(*pcjid ciilirely on the water injei'tion f(«' their immunity 
from pr(‘-igjiition under all loads, and are ]iabll**To pre-ignitions of 
an exti-einely viideiit and dangerems nature if tin* water sii|)ply is 
unly moineiitarily interrupt<*d, they can liardly be regardcal as 
commercial successes. Tin* (*lfect of the \yater, liowever, is slightly • 
to reduce tin* efficiency, because of ^lie greater spc(‘ific heat of the 
•'^tc'am, but this Ts more than (‘omj)t*nsated for fiy the gain due to 
the higljer compression ratio. Tlnire is a mistaken idea prevalent 
that the admission of water in itsvlf raises tlie efficiency of an engine; 
sucl^ un ^dea is entir(‘ly erroneous, tin* oply advantage of using 
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water is to make possible the use of a higher compression. If an 
engine is designed with a sufficiently low compression to run with- 
out water injection, then th(' sole eflect of adding water will be to 
lower the efficiejicy. Although the employment of water injection 
permits of a higher compression ratio and a higher brake thermal 
efficiency, its use is not altogether desirable, for, in the first place, 
th(* quantity of water has to be carefully regulated according to the 
load; if too litth* is admitted 2>re-ignitioJi may occur, and if too much 
it will dot be comjdetely eva^ioratcd, wilbjday havoc \yith the lubri- 
«-catiou of the juston. and cause corrosion, owing to its combination 
with the sulphur which is always present to a greater or lesser 
degree in pil or gaseous fuels. Agaiii, the water itself must be 
soft and jmre or there will be an excessive dejtosit of lime in the 
cylinder. 

Another method enabling higher comjire.ssion ratios to., be em- 
ployed is to admit the mixture in two sections, so to s 2 )eak, one 
section consisting of air so rich in A'apour as not to be inffcmmablc 
and the other of jmre air. The tw/) sections are admitted (J) into 
a bulb sejtarated from the riuuainder of the com))Ustion S2)ace by a 
restricted neck, (2) into the main body of. .the cylinder. During 
the c(}inpre.ssion stroke the ail’ in the main bod}’ of the cylinder is 
driven into the bulb until, at the end of the stroke, almost all the 
air has entered, and a combustible mixture of tin*, correct jiroportion 
is formed. This arran,gcment jiermits of only a very slight increase 
of comju’cssion, for the linw of demarcatif)n between a combustible, 
and incombustible mixture is not so fine as to make it jiossilde to 
ensure that the mixture in the bulb shall be not inflammable, until 
the extreme end of the com 2 )res.sion stroke. (.)ne of the priiu’ipal 
advantages of this s}'stcm is that the greater jiart of the charge is 
not i)re-heated. and thus the suction temjieratui’c is lower. 

In coke-oven gas-engines the use of water injection is jiractically 
inadmi.s.sible on account of the vei’}' large jiercentage of sul^thur 
always jiresent in'tliis gas. and very great care must be taken to 
ensure»that no water shall under any circumstances get into the 
cylinder, or corrosion will take ]ihic(‘. very rajiidly. With coke-oven 
gas-engines, however, it is generally po.ssible to use a com2)ression 
ratio of from 4 ’5 to 5’5 ; 1 witliout serious risk of 2 )re-i.gnition, and 
since this gas'is of*hi,gh heat* value ami 2 )roduces a, high nn'an 2)res- 
sure, the^ mechanical efficiency is, high, and a brake thermal efficiency 
of 29 2 >cr cent to 31 2>(^i' oent is obtainable. In modiun coke-oven 
gas-engines of large si^e it is now becoming common 2 >i"<«tic;e to 
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ailniit a certain proportion of cooled inert exhaust gases during or 
after the suction stroke, in order further to dilute the hydrogen and 
i iiable a higher compression ratio to be employed. 

In gas-engines using blast furnace and some forms of producer 
gaa a compression ratio as high as 7'5 : 1 can be employed, and still 
liiolier ratios would bcisafe were it not that even in such gases the 
proportion of hydrogen may rise considerably abo\*c the normal. 
Also such gases are lialile to contain a considerable amount of*dust, 
the particles of which may become incandescent and caus(j a local 
rise of temp(*rature above Vhe ignition point of the fuel. 

in engines of tlie Diesel or constant-pressure type the heat i^f* 
coiupression is relitnl upon to ignite the oil, and it is important tOjr 
<‘n.sur<' that such ignition shall take place with certainty, even at 
i-tartin;^, when the temperature of the. cylinder walls and the suction 
temperature ar^ at & miniminji. A failure to ignite may result in 
•ii scA cre and dangerous pre-ignition, because* a considerable projior- 
tion of the fuel will be retained in the cylinder during the succeeding 
eompre.ssiou stroke, and will Ixi vaporiz(*d and ignited before the 
dead centre. It follows, therefore, that in such engines the com- 
jucssion mu.st be, carried to such degree .that the ignition tem- 
]>crature of tlTc fuel is'Cxcceded by an ample margin. Thei ignition 
temperature of the various fuel oils under eoinpre.s.siou varie.% con- 
siderably. but in the ca.s(! of petroleum fuels a])pears to be in the 
neighbourhood of 800“ F. In most I)ic.sel engines a compression 
latio of Iroin 1,3 to 14:1 is employed, giving a compre.s.sion tem- 
jieraturc of about 1080" F. to 1100"*F. midcr normal running 
conditions, starting with a. suction temperature of 10G° F. At 
■slartijig. however, the suction tcmpt'iatine is nnly about .50“ F., 
and sometimes e\ en lower, so that the final t<‘mj)oraturc at the end 
of eoniprc.ssion will be only’ 835" F., Avliich provides a very small 
margin. If a hover compre.s.sion ratio than 13:1 be employed, it is 
adA'i.sable to heat tin*, cylinder jackets before starting in (»rder to 
-nsine a. sufficiently high comprc.s.sion tempcry,ture. Refiu’ence 
to the curve, fig. 30, will show that a eoniprc.ssion ratio of l.'i:l is 
actually too high for the be.st lirake thermal efficiency. AVith this 
latio the weight of the r(*ciprocating parts, which must be strong 
emaigh to with.stand pre-ignition, will *bc so great that the 
mechanical efficiency (exclusive of tbe*lda.st air-pupi])) v’ill genei’alK'^ 
not exceed about 80 per <(*nt, with a piston sjieed of 750 ft. j)er 
niinute. i*nd a, mean pressure of,10f) lb. p«r* square inch. • • 

In epgines of the .so-called semi-Dic.sel type, in which the fuel 
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is ij^nited partly by the heat of compression and partly by heat 
added from uncooled surfaces, any degree of compression can be 
employed, for it is cleai* that the necessary temperature (tan be pro- 
duced by supplementary heat added from the unctoolcd surfaces, 
such engines ca\i therefore use wliatever c(>mj)ression gives the best 
thei’inal or commential efficiency. The (tommendal c'fficiency of an 
engine dep(‘iKls large]}' upon its size, for the largcn- the engine the 
greater is the ratio of .fuel cost to first cost; it follows, therefore, 
that tl\e larger the engine the moi-e important does the therllial 
efficiency and the less iinportant does liie first cost hcu'oine. The 
first cost of an engine is governed A ery largely by the compression 
• ratio, which, other things being e(]ual, decides the weight and thejc'- 
/ore the c()st of an engine. As a general rule, the higliest coin- 
iner(*ial (efficiency of a large engine of say 100 B.II.V. pei‘ ‘cylinder 
is rea(‘hcd when the compi*ession ratio is about !) |^o 10:1, and of 
a small engine of say 10 B.H.P. per cylinder when it is about (5 to 
7:1; and sin(‘(' with the semi-Diesel engin(^ either compressrOn ratio 
can be employed, it would follow that the iiK^st suitable ratio would 
be anything from G to 10 : 1 according to size. Thmv are, howev(n*, 
reasons, whicdi will be dealt with later, why s(;mi-J)ies(‘] engines 
should not have too low a (compression; and althongii (unnjuession 
ratios of even less than G : 1 are sojiietimes empl(;)yed, their use (MJ- 
tails a good deal (jf tr()ubl(\ owing to the Jaig(‘ (jiiantity of added 
heat recjuired and the difficulty of ivgulating it satisfac-toi-ily. 

Suction Temperature. — Both tln^ volumetric efficiency and 
the com])ression temperature ai’e laigely d(*pend(iit upon tin* suction 
temperatui’c, that is, the ineaTi temperature of the gases within the 
cylinder at. the end of the suction stroke. It is olndous that if the' 
suction temperature can be ivduced, both the volumeti‘ic (‘fficiemy 
and the compiession ratio (.*.an be iiKi'easial, and v(iy substantial 
advantages gained thei(d>y. The siK'tion tem])eiature is governed 
chiefly by the proportiem of exhaust products retaijied \u the com- 
l)ustion space, wJjich mix with and heat the incoming (*harge; and 
also by the heat given up to the entering gases fnjm the hot walls 
of the cylinder, ])iston, &c. Unfortunately the suction temj)erature 
is exceedingly difficult to measure, and veiy Jew exjKuiinenters have 
any data regarding this point. Professor Hopkinson, in his tests on 
a Ctossley gas-engine with q cxanpirssion ratio of G*37:l, found that 
the suction Uunperature was F. when the temperature of the 

Houtsidc air was (>0 F." ■ The aiiio^int of heat ad(h‘d during the ad- 
mission period was therefore sufficient to raise the temp(‘|ature of 
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the a,ir and gas through 220“ — 60" F., or 160° F. Of this tempera- 
ture rise he estimated that the hot exhaust gases were responsible 
for approximately 133° F., and the hot walls of the cylinder piston 
and valves for 27“ F. 

Professors Coker and Scoble found that the suclAon temperature 
of a small gas-engine with a compression ratio of 4'85 :1 was 257“ F.; 
jni'sumably the heat taken up from the walls would .vot account for 
more, than about 40° F. in this engine, leaving 217“ F. tempefature 
l is* due to admixture with the exhaust products. ^ 

These two results repiVsscnt, apparentfy, all the data available 
at the present time, and since so mu(ik depends upon the sucti®n* 
leiiiptuaturts it is obvious that there is a crying need for further,, 
iinestigation upon this poii»t. * , 

In fr»ur-cyclc engines, in which the- air is drawn dire.ctly into the 
cvlindor from ty? ou1;sid(' atmqspherc, it is clear that its temperature 
.cannot easily be reduced below the normal temperature of the 
atinos)Miere ; but in two-cycle, engines, in which the air is delivered 
t() the woi'king cylinder from a pump, whicih has done work upon 
it and raised its temperature, a very considerable advantage can be 
ol)tained by passing it through ati intere.opler on its way to the 
working cyliflder. • • * 



CHAPTER Xf 

DETAILS OF DESIGN 


" The iniportaiiec of reclueiiij^ the weight of the reciprocating parts 
•of an internal -combustion engine to the lowest ])ossible limit has 
''Ireacly be^n emphasized, and is fully r ealized by the desiguej's of 
high-speed [)etrol engines, who have exereise<l extraordinary ingenuity 
in producing light pistons. It does not, ho\Un'er. a])]»ear to be 
properly understood by the desiguois of engiin's of other "types. 

From the foregoing considerations it is obvious that the 'present 
design of piston is susceptible of considerable iiuprov’cment, both 
as regards reduction of weight and’ lubrication. The fact that the 
piston friction can ten\porariIy .be reduced to only about one-half 
of its normal value, or even less by profuse lr,bri(«atioif; suggests the 
advisability of using a se])arate cross-head to take thrust, which 
could be kept cool and })rofuselv lubricated with thin oil. In large 
engines this is fre<jueutly done, and results in a marked improve- 
ment in the mechanical etticieiiey despite the increased reciprocating 
weight. 

The main objection to the use of a separate cross-head is the 
increase in the height or length of the (‘iigine, and the conseiinent 
increase in cost, weight, and, in a horizontal engine, in Hoor space. 
It would seem, howevei', that a sort of eombinatiem j)iston and cross- 
head could be made without increasing the length of th(! pres(‘nt 
tyj)e, but so designed that its two functions, (1 ) as a piston proper, 
and (2) as a cTOSs^head, could be treated s(‘])arately. 

Thermal Considerations of Piston Design.— So far the 
design^ of the piston has been considered only from the point of 
view of mechanical friction, but it is also neces,sary to consider it 
from the jioint of view of heat dissijiation. In all small gas and 
oil engines the pistons are uncooled, for water or oil cooling of the 
pistons presents serious mechanical difficulties, besides adding 
greatly ’to the weight. It is} therefore, di'sivable to avoid the 
neces.sity for this as far as po.ssible. Since the heat from the 

in 
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(vntve of a piston of normal design can only be dissipated either 
1)V conduction to the cylinder walls or by radiation and convection 
of the air currents on the inside, it follows that the centre gets 
verv niiuih hotter than the circumference, which is in contact with 
t]i(^ cylindei' walls. This gieat difference of temperature, and, in 
consecpience, of expaii^ion l)etween the centre and the circum- 
ference, introduces serious stresses, wlii(di, in large caftt-iron pistons, 
l)eeoine so severe that the metal is in some (*ases strained be- 
\oTid its clastic limit. Professor Ilopkinson has shown that the 
.srresses due tto the tenit>eraturc'' gradient across the head of a 
(M)ini)aratively thin cast-iron piston may, in the case of a pistmi^ 
ove/ 12 in. in diameter, running at maximum load with ricJi gas, be.^ 
so great as to cause cracks f’lorn une<[ual expansion alone and with> 
Jilt tlicf*a])pli(*.ation of any external pressure. As a m^itter of fact, 
uijcooled ])istox^s vefy much huger than 12 in. diameter arc in suc- 
^('(•ssful use, but tin* metal reciuires to be very carefully selected. 
Snell pistons are very thi(‘k and heavy, and are not generally used 
in conjiiiK'tioii with very rich gas. 

Ik'sides tlu* stressivs set iq) by tlie differences* of temperature 
across the head of the ])iston, theri^^is also thp danger that the centre 
will bcc'cnne 1 %) ho% as»to (-ause })remature ignition, for the tempera- 
ture' of tlje ('cmtre of tluj piston varies as the s(|uare of the diameti'r 
if the thickness is constant and direi'tly as the diametei* if the thick- 
iK'ss is in ])ro])ortion to the diameter. 1'his trouble is parti(!ularly 
common when the ])istoii becomes encrusted with carbon, which, 
l»cing a ])oor conductor of heat, gets considerably hotter than the 
metal. Numerous cxpi'rimenU have been made', by means of therme.)- 
('ouplrs by Professors Ilopkinson, Coker, and others, to i^s(*ertain the 
did erenee in te'inperature* that exists in different parts of the head 
of a piston. The re^sults of these experiments are illustrated in 
tig. if2. It would seem tliat an engine using a piston rexd and cross- 
h(‘ad would be in a. better jxjsitioii from this point of view, sine*ef a 
<'onsiderable proportion of the lieat impirted to the centre would be 
conducted along and <lissi])ated by the piston rod, so that in such 
(‘Ugines larger pistons could be used Avithoiit the necessity forVater- 
<'(>oliiig. Quite re(*ently certain alloys of aluminium containing about 
12 per cent of (topper liave been suggested for the pistons of aero- 
plane engines and also for racing motoi-car engines. These allovs Lave 
neon surprisingly successful in experimental engines. Should their 
‘success be ruljy established it is obvious tlyif a. very great ♦idvance 
will have been mad(^ for not only is tlic weight of these alloys very 

10 



146 


THE INTERNAL-COMBUSTION ENGINE 


much less than that of cast iron or steel, but what is even more im- 
portant, theii- conductivity is very much greater, so that it seems 
quite possible that A ery much larger uncooled pistons could be safely 
employed, for, oven if for the sake of conductivity the thickness of 
the head were hicreused l)y 100 per cent, they would still be much 
lighter than cast iron. ^ 

The piston lings tliomselves do not call for any particular com- 
meutf. Altliough numerous types of rings have been tried with 
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niore or less sueeess, tlu' ordiii.-ny s])lit eeeentrie. Rainsbottoiii type 
is still tlie general favourite, and indeed, if eaj'efully made from 
a suitable ^larle of east iron, tliei*e is very little fault to lie found 
with iV, while its simjilieity and low eost of ])roduetion eom])ared 
with other and more fancy tyj)es are viuy mueh in its favour. 
8ueh rin^s should b(* oinund both on the sides as well as on the 
woi'kinir face. ' 

I * 

Thert‘ is much diffejcnce of o})inion both as to the most desii’- 
ablc stitfness of spi’in^- . tiuisioir and as to the width of the riiif^. 
With rt^gard to the former, much must necessarily depend upon 
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tho accuracy of workmanship. When the liner is accurately bored 
or gi’ound, and the piston so de.signed that there is little distortion 
<lue eitlier to expansion or the transmission of pressure through the 
walls of the piston carrying the rings, there can he little doubt but 
that A'ery light rings may be used with advantajfc, for not only 
docs the use of light tings lesse-n the friction losses, but it rediuies 
also th(‘ wear both of the rings themselves and of thp»cylinder walls. 
On the other hand, light rings naturally take*, longer to bed, and 
A\‘ill not accommodate themselves so r(‘adily or so (jiiickl}^ to lack 
of i-oun(lnes.« in the liner,' &c. When the workmanship is of high 
<-Jass, it is found that a spring tension of about 4 to 5 lb. per scpiare 
is sufficient to ensure gas tightness. The spring tension ii'.r 
terms of pounds per squaro inch on the surface of tlit* ruig is, of 
e(»iirs(*.**independent of width, and is <-ontrolle( 1 solely, by the radial 
thi< km‘ss of the riflg. The ^ower limit of spring tension is reached 
, when the friction against the side of the groove due to the third 
inessitre on the e.xposed side of thti ring exceeds the spring tension, 
so that the ring becomes locked in its groove, and is unable to 
expand during the period of high gas pressure. This again depends 
to a large extemt^upon the clearance between the lands on the j)iston 
and the cyl Aider walls* which conti'ols the area of expos(‘d suiface — 
the smaller the, elearanee, thejvfore, the less spring pressure is 
leijuired. It depends also, to .some extent, upon the clearance of 
tlu! crosshead portion of tin* piston. 

As to the width of the ring, there can be little doubt but that 
the narrower it is the better, on the sedie both of fi’ietion and wear 
in the ring-grooves; for in regard to wear, tin* area of the suifaee. 
in the ring-gi-ooves is governed .solely by the ladial thickness, while 
ho:h the inertia and the friction drag of the rings is directly ])ro- 
l>orlional to the width. It follows, therefore, that the loadings on 
the .sides of the groove and therefore the wear will inerea.se diieetlv 
Hi ])roporti()ii to tlie width of tin* W i‘iir in the ring grooves is 

p(‘rhnps one of tin? most troublesome hs-itiires to eontejid with, for 
once li rinii becomes slack in its groove its reciprocating motion 
therein converts it into a very efficient pump foi pumping oil uj) 
into tlie (‘ombustion cliambei*. 

In practice the minimum width of a •[liston ring is determine<l 
largely by manufacturing (‘onsiderafloys and its fragility In hand- 
bog, but, generally s[)eaking, a ring should be narrow as is 
eou.sistfjnt wjtli ease of handling ifud of mTiiiufacture. 

^'rcjrn the foregoing (*onsideratioiis it woidd appear tliat the 
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main features to be aimed at in the design of a piston for an 
internal-eoml)ustion engine arc: — 

1. It should be as light as possible. 

2. That portion of the piston which is re<piired to perform the 
functions of a crV>ss-head should be designed as such, and due atten- 
tion paid to tile selection of suitable mati’iial, lubrication, and 
adjustment fon wear. 

3. Tliat portion of the pisttm which is required to function as 



Fit'. ■ Tyjiical Uas-euyiiif Tistuii (Kuvton JN’oetor; 


a piston pure and simple should be <lcsigned so as to dissipate the 
heat in the most cliiciejit manner; it should combine the necessary 
strength with the miniraiui! weight, and sljould be made of a 
material sutiiciently elastic to withstand wide variations of tein])era- 
ture Avithout seriov'^ loss of strength or the setting up of (lang(‘rou.s 
internal stresses. 

4. Provision should be matle. for the free escape of any gases 
that may pass the piston rings, so that they shall not interfere with 
tlie lubricaticni of the cros‘s-head pr»rtion f)f the piston. 

5. I’l-ovisi/jn should be ?nade for the free ventilation of the 
piston proper. 

• G. Tile piston proper should* npt receive any of the thrust due 
to the angularity of the connecting-rod. 
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7. For the sake of reducing the weight, tlie pressure upon the 
piston should be transmitted as directly as possible to the counect- 
iiig-i'od. 

Figs. 33, 34, 35, and 36 are shown to the ftame scale — 33 
represents a typical g^s-engine piston, 34 a typical petrol-engine 
<-ast-iron piston, 35 a special steel p«‘tvol-engine piston as used 
for I’acing motor-car and aero engines, and 36 a gas-engine fiiston 
<if‘a design jnoposed by the author to fulfil the requirements set 
forth al»ove.. • » • • 

(.Considering first the two ])istons sh,own in figs. 33 and 34, the' 
conditions under which they work are very similar. The petrol- , 
engine piston is subjected to.much higher tempc'ratures, •but is coip 
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siderably the smaller of the two, though the actual power output 
j'ci- [)iston is but little different in the two cases. A glance at these 
two ([(“signs will sliow that the designer of the pidrol engine has 
realized the importance of reducing the weight of the piston, and 
<‘dso that he has confidence in the ability of Uie foundry at his 
disposal. Both pistons are of the same type, the princi])al difi’erence 
being ill the disposition of the metal. 

'file piston shown in fig. .35 is machined from a solid si eel billet. 


and its extreme costliness is an indication of the importance whic’h 


Its 
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lesigner attaches to light widglit. In this design an attempt 
been made to eou\ ey the pressure direct from the centre of the 


piston h(“ad to the connecting-rod, and at the same time to (Iftsipate 


some of the heat from the centre, by the provisioioof a central jiin 
connecting the gudgeon pin with the pistoiuhead. By doing this the 
desigiii.]. jv- enabled to reduce the thiclAn^ss both of the head and walls 
to a considerable extent, and so to jirodiice an exceedingly light piston 
and gudgeon j»in. The d(“sign is n*>st effective, and its use.enables 
the particular engine to whicli it is fitted to run at an extraordinarily 
high JipGed without undue vibration or friction loss. This design is 
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in{>;enious, too, from m manufacturing point of view, for it is obvious 
tliac, if the liole for tlie gudgeon pin is drilled first, and the hollow 
part of the pist'On machined out afterwards, leaving th(“ central pin, 
then the end oi this pin can be relied upon to bear truly upon the 
gudgeon pin without any intricate fitting. f> 'I’he objection to this 



design is that tlie cross-head pojtion of the piston is of steel, an 
unsuitable material from the point of view of lubiication and wear; 
jievertheless it is an ex/.-eeding]y*c]ever piece of de,sign. 

1’lu' dc'sigii shown in fig. OC is intended’ i»y tlie author to fulfil 
the various conditions enumerated above. It is not su<><>e>ted 

oo 

that it would be suitable for small eu^iues. It will l)e seen that 



Fig. 3G 

« 


the desifiu is m cxmiposite one, ernbodyin<»- a jiiston propei-, and 
a cross-head connected by a short hollow piston rod. The piston 
proper ‘is of^ forced steel or 'possibly of aluminium alloy. Jt is 
iiiJichined considerably smaller than the (*ylinder, and is not intended 
to bear* upon it at all*. , Since ^lie pressure is transmitted ^directly 
from the head of the piston to the connecting-rod .‘dong the large- 
diameter hollow piston rod, it follows that the head can k(‘pt 
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very thin and light. The heat is dissipated partly through the 
piston rings, direet to the cylinder walls, and partly along the hollow 
]>iston rod, which latter may be provided with a few. small radiating 
tlaiigcs to assist the cooling. The cross-head portion of the piston 
is designed upon the ^)rthodox lines of an ordinary steam-engine 
cross-head, with adjustable slippers. The slippers, which are made 
{IS light as })Ossible, may be fac,ed with anti-friction metal. * 

• Such a piston could probably be made to weigh less than half 
as much as ^in ordinary fcast-iron piston.* Its cost, of course, is 
considerable, but when it is considered that its use should enable jin* 
engine to run at about 40-p(“r-cent higher spec^d than is possible 
with an ordinary ty^e cast-irpn piston, with the same or Jess friction 
loss, th<! extra cost may be fully justified. 

The imj)ortancetof reducing the weight of the pi.ston from the 
^ point of vi(iw of balance slumld not be forgotten, but as this side 
of tljt>.(|U(^stiou is dealt with under the head of Balancing, it is 
unnecessary to reit(5rate it here. 
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•VALVES AN.D COMBUSTION HEADS 

In tlic nri’anijenioiit of tJie combustion bead and valves the 
jlcsii^ner Ikin to compromise between u coiisfderabb' nmiiber of 
condictiiiii’ reijuiremeiits. and )iefore decidinjj,' upon any final unruijve- 
ment, be must take into account all tlic various jmrjtoscs for wbieb 
bis ])articular engine is likely to be used, and nuiL' up liis miiid^ 
wbetber tbe cbief aim is tbermal efficiency, volumetric efkeiency, 
mecbaiiical streiintb, good go\ eniiug o^•el• a wide range of loail and 
speeil, or low cost of production. Jlis choicer of arrangement will 
also depend upon tbe size of the„(‘ngine, and wlu'tber it is intended 
to manufacture it in single-cylinder units, muUipli,t-cylkKler units, or 
both. . Before discussing tbe vaiaous arrangements now in use it will 
be well first to tabulate tbe comlitions wbic-b tbe ideal combustion 
bead and valves .sbould fulfil from the vai ious points of view.' 

1. Thermal Efficiency. — Tin* combustion bead and valve 
dispo.sition sbould lx; sucb as to present tbe smallest possible surface 
to the gases, in other words .should be bemisj)herical or nearly so. 

2. Volumetric Efficiency.- Tbe valves should be of such a 
size that tbe mean gas V(d(K;ity tbrough them shall be between tbe 
limits 100 to 180 feet per second, and tbe urea of tlu* passages 
leading to them sbould be givatei' than that of tbe Aalx e. ]xnts. 
The gas pas.sages sbould be free from any shai’p angles or sudihui 
changes of area,, "and tbe disposition of the valves should be sucb 
that tbe })ij)ewoi'k jeading to and from the cylinder will sati.sfy tlu' 
.same ('ouditions. The valves .should be anaugecl iu the combustion 
head in .such a way tbal the fr(*e flow of ihe gas is not restricted by 
the too close proximity of the walls, iu other woi'ds they sbould open 
direct into tbe cylinder and net into a re.stricted ])(K-ket or chamber. 

-3. Mechanical Strength. — The comlmstion bead mu.st be 
designed with due I’egard both to .str<‘ngtb and the rajiid di.ssipation 
of beat, and the disposition of the Valves must not lx; .such as either 
to .seriously weaken the, bead or obstruct tbe free How of the wtxulat- 
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ing water. The thickness of metal throughout the combustion head 
.should be as nearly uniform as possible, both to ensure a sound 
casting and to prevent wide differences in tt'mperature witli the 
consc(]UCut serious danger of cracking. It is, mo:»eover, desirable 
tliat the valves should^a* so arranged that, in the event of the break- 
age of a valve stem or ciotter, they cannot fall into thp cylinder. 

4. Good Governing. — It must be remcnibered that in four- 

(•}"cle engine the products of combustion are not entirely expelled, 
and that tlip clearance sjiace is* left full of exhaust gases at, or 
slightly above, atnjosplieric pressure. ^ , * 

In cases where the method of governing by throttling the mix- 
tui e is employed, dud this i,s almost the oul}' practical .method for. 
gas-(‘ngines which are required to deal with very widely varying 
loads, the proportion of fre.sh charges drawn in may be so .small, 

^ conipaivd with* the residual e.xhaust gases, that, if it mixes thor- 
oughly* with them, it becomes ,so diluted as to be non-inflammable. 
To obviatcj this a coi tain d(*gree of stratification is essential, and 
it is desirable that the inh't valve and tin* igniter be separated to 
.some extent from the main body yf the (;ylinder, in older to ensure 
that there .siiall id ways bo ii .small proportion of fre.di gas in close 
proximity to the hitter, othervvi.se the engine will not fire regularl}" 
on light loads. This condition .applies only to explosion engines. 
It is ‘directly opposed to tin* eonditious governing thermal and 
volumetric ('ffieiency. 

5. Cost of Production. — The Ufuulmstion head .should be 
designed in such <a wav' as to kia'p down the cost of manufactnii', 
and the valves should be. .arrjinged .so that thgy can he operated 
in the .simph'.st ])o.s.sible manner. Thi“ disjiosition of the valves will 
di'pend upon whether the cjTinders are to be burizontal or vertical, 
the number of eylinders, and, to some extent, upon their .size. 
Altl longli Jiorizoiittil valves may 1)0 used witli satisfaction in small 
engines, their eniploym(‘nt in large engines, N\’^ieu their weight 
lavomes appreciable, is said to be uiKh*sirable\* 

A number of difiei-init Aalve arraiigemeuts fa.vonred by*\'arious 
designers are illustrated in fig. 37, and it is interesting to examine 
tlu ‘se .and .see how far they conform to the conditions .set down .nbove. ' 

The aiTangement illustrated at •a is a very popular* one for 
vertical engines’ (^specially Diesel engines. *lt is also some- 
times omjilc^'cd foi‘ stationary gas-engiiieii, and oecasinyally for 
motor-ear work. It fulfils tin! first and seeond eonditious fairly 
V'ellj^uty where very high specd.s are roipiired, it has the disad- 
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to combustion. From the mechanical point of view it is a bad 
iirraiigtunent, for it seriously weakeu.s the combustion chamber and 
iiitcrler('s with th(! free flow of the circulating water; consequently 
( jacked combustion heads are fairly common wheA this design is 
iijqjlied to large engiii^^s. From the point of view of governing it 
lias nothing to recommend it, but it provides an ine^xpensive head, 
an elhcii'nt form of combustion chamber, and a .simple valve* gear, 
esjjcciiilly in the case of multi-cylinder enginc.s. 

'I’lie arnyigement shoVn at B is probalily the b('st fi*om the 
|)oint of A’iew’ both of thermal and volijnu'tric efficiency, and is tjie* 
(li^josition liequently employed by de.signei’s of peti’ol engines for 
getting the inaximhni of pciwer out of Ji given weight .and size 
engine^* From the governing point of view it is bad, but it does 
not weaken the combustion head, nor does it interfere wuth the 
water «irculation to the sfinie e.xtent as the foiiner aiTanffement. 

pwiicijial to its use is tliat it is eostly, both as regards 

tJje (*onibu>tioii liend and tlie valve gear. 

The arraiigeniejjt shown at c is oiu^ that is •oceasiojially eni- 
jiloyed fo]* petrol engines. The iyJet valve^ being in the (*,ylinder 
li(‘ad, ('an iK^niacF^; of*]arge diainet(M* Avithout weakening tlie licad or 
iiit(‘rfering witli the Avater eireulation, (^onsecjuently tlie A^olumetrie 
(‘fH('itni('y is good, olherwist* there is little to lie said in fa\"oiir of 
til is design. 

At D is shown an arrangement frecjiiently adopt(‘d for both gas 
jiiid jietiol (uigines. In this case tlie inlet vah^e is usually above 
tli(* exhaust. This disposition (‘oniproniises betAATen eoiiditions 
I and 2, for, from i thermodynamie point o£ Adew, the area of 
Avatt‘r-('ooled surlaei* cxjkisimI to the gases is not A^ery great, Avhile 
it. is (‘asy to proAude ample \alve area and at the same tiiiu* retain 
a niod(‘rately eomjiac't (dearanee spa('e. If the igniter be fitted in 
the pocket betwe(Ui the tAvo A"al\x‘s, it is probahly the l)(‘st arraiigc- 
iiK'iit for engines AAdiich are rerpiired to run Avirii widely Aarying 
loads, Avhile the valve gear, though not the el1e?i])est and simplest 
possible design, presents no serious difliculties, and has the adtlitional 
advantage of being Cipially suitable for single- and multi-(*ylinder 
engines. With this arrangement the A;alA’e ehamher is int(‘gral • 
Avitli the ('ylinder body, and the eombustion head is simply a. flat 
wari‘r-(‘.ooled plate. In small engines it is not us^ial to fit a separate 
head, but to east the cylinder and# head in* one piece; in , any ease 
the design pjesents very little tlifiicmlty as regards the mechanical 
featui«s, and does not obstruct the Avater ci^sculation. In voiy large 
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gas-engiucs, however, considerable trouble is experienced, owing to 
the difference in the expansion between the inner and outer walls, 
and cracks are liable to occur in the water-ja(‘.ket at the point where 
the jacket wall round the valve pocket joins the inain-cylindei- 
water-jacket. ^ 

At K is slmwn by far the most populai' arrangement foi- all pidrol 
engines with both single and multiple cylinders. Its chief claim to 
favour is its low cost of produittion, for it is probably the cla^apCst 
of all forms, and, from manufacturing point of view, has many 
'fe^itures to recommend it. , For instance, if is ])ossible to make the 
^ inlet and exhaust valves identical in all respeds, and tliercfore inter- 
.changeablcf also, by providing detacbable cov(^rs over the vahes 
through which they can be ^yithdrawn, it becomes unnece?+sary to 
use separate seatings and cages. Again, the a’uIvc' gts-ir is equally 
suitable for single or multi-cylinder engines. From tlu' ]-oint of, 
view of thermal and volumetric effi(*ien(*y, and also of governing, it 
is ]iot so good as D, while so far as mechanical strength and the 
dissipation of hfcat are coiuaniied it is also iiiferioi* to d. 

The arrangeineiit shown at used to be ver\' popular for small 
multiple-cylinder engines, l)ut it has been «‘dniost cop.i[)letely dis- 
(iarded in favour of n, which has most of the adwintages of F, an<l 
is simpler in every way. This aia-angenient is, however, still occa- 
sionally us(‘d for small multi-cwlinder ])etrol engines whub ai*c 
recpiircd to run at veiy high spotMls, for it is j)ossi))le to tit larger 
valves in this type without lengthening the engiiu* to the extent 
necessary in the case of e, Avith all the valves on one side. Thermo- 
dynamically, the d,*‘sigii is a bad one, for the area exposed in pro- 
portion to the volume* of the combustion chamlau’ is excessive. It 
has, howcA^er, the merit that the pi])eAvork is cxtreni(*ly simple, a 
point of considei-able im})ortance in multi-cylinder enuines. 

• The arrangement shown at u is seldom us(*d in A^erticsal engines, 
but it has some ♦distinct adA^antages. It combines little cooling- 
surface and 'good |^;dverning. It is really a modincation of D Avith 
the vaK^es placed horizontally instead of A^ertically. As in the case 
of the arrangenjent shown at n, the valves are not very easy to 
• operate, and on the Avhnh* this disposition is more suitable for 
horizontal than for vertical engines. 

The an-ang(‘meilt shown at H has l)ecome practically the standard 
an-angenient for horiz^wital single-acting engines; and, indeeil, it 
AAmuld be hard to find a b(*tter dis^position, for, although it is not 
possible to fulfil all the /conditions cnume]ated, it certainly jAVij’ides 
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a very fnir compromise, and the valve gear as applied to single or 
multiple-cylinder horizontal engines is exceedingly simple. It is, in 
fact, probably the ideal valve di.sposition for single-acting horizontal 
engines, but it loses much of its charm when applied to vertical 
cylinders. * 

The design, both o^ the. valv<‘s themselves and of the cams for 
operating them, is a matter of first importance, espiaually in very 
higli-speed engines, find here as in many instances one must’turn 
to the modern high-.spoed petrol engine, in order to see what, can be 
accomplished binder extrenfle conditions. It Inis alreadv been stated 
That, if tlic* valves be so designed tlnit tLe vi^locity tlivougli them be 
ab^iit 130 ft. ])er seeoiid, a very good volumetric (‘ttieio.iu*y can be 
obinbied, and at tlie same t’me tlicre will be sufficient ;tiirbulence/ 
vitliiu tlie cylinder to ensuie raj)id combustion. The figure, 130 ft. 
]i(‘r second, is lyised'on the assuin])lion tljat the piston is travelling 

a un^brm s]>ced. and that the valves are fully ojien throughout 
tlu' Avlrole of the stroke. From th(‘ above (*onsiderations it follows 
that the area of the opening through tlu^ A^alve is solely dependent 
u])on the ])iston s])eed, and for a jhston speed of, say, 720 ft. per 
ijjiuule, the (‘ftective area should hii 

7*M) 

— X area of piston = 9*22 i)er eent of the area of tlie piston. 

In Older to obp 1 a high volumetric efficieney, it is desirable 
that- the A’alve shal o])en and elose as rapidly as jiossible. The 
ai'tual rate at wliieh it (-an be opened i^, in practiee, governed by 
tlie sjiring tension whirh can be (‘m]>loyed. The spring tension 
again is governed as an upper limit by the spac-iic avadalile, and as 
a lower limit in the (aise of the exhaust A’alvc by th(‘ tension 
rcijuiivd to keej) tli(‘ valve (dosed wIkui the pressure in the cylindiu* 
is rediK'ed by throttling. In very high-spe(‘d petrol engintbs the 
upjier limit is the controlling one, but in th(' case* of gas or oil- 
engines, running at a I’elativclv slow sinad, this*limit is not ai)- 
proached. It is interesting to consider the problem of valve* opera- 
tion in relation to the hypothetical gas or Piesed engine whiTdi has 
b(*en examined previously. This engine runs at a. •piston speed of 
720 ft. ])er minute, and, as shown above,« the elfeetive valve area 
r(‘(|uired to give a. mean gas velocity ctf 130 ft. ])er seeoiyl throughout 
tlie stroke* is 9*22 per eent of the area of the jiiston, or, in this ease, 
approxii^iaUdy 10*5 s(j. in. It may *1)0 assipiled that the lift of the 
valve is (*(pial to one-ejuarter tli^ diameter of tlie port, so that the 
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area of opening will be ecpnil to the port area. The (Hameter of the 

port will be = 3*65 in., or, allowing for the area of the 

valve stem, say 3*75 in.; the lift will then have to l)e approximately 
0*9 in. The oA'iall diameter of the valve head will be about in., 
and its total reeipi-oeating weight, (‘om];)leU with cap, om^ half of 
the valve spring, and su(*li of the actuating mechanism as may be 
regarded as reciprocating, will amount to about 16 lb. We will 
assume^ that the spring tension must be such that when the valve 
is closed it will resist ah\' ])ossible diffetence in pressure on either 
side of it. In the case of -the exhaust valve; when the engiiu* is 
running light under throttle control, this may amount to 10 lb. .per 
isquai-e ineju and since' the area of the poit is 10*5 s(|. in., the 
minimum spring tension required when th(' valve is closed** will Ix' 
105 lb., or allowing a ri'asonal>l(' margin, say li7l) 11).^ when th(' valve 
is at rest, but as the valve opens the spi-ing is fuillier conqu-essed, , 
and its tension therefore iiuTeases. Duiing the first ])ortiofr of the 
opening period the valve is forced o})en l)y the (*am until it has 
attained its maximum velocity, and the load on tl)e c-am during this 
jjeriod is equal to thc'.spi’ing ttvrsion, plus acct'Iepition ; during the 
second portion of the o])ening period th(' Icfad on th('*\‘am is equal 
to the spring tension minus the ac(*eleration. Similarly as the 
valve closes the load on the cam is the dilfcrence between the spring 
tension and the accc'leration during the first portion of the pt'riod 
and the sum of the two during the lattcn* pej-iod. Since? it is 
desirable to open and close*the valve as rapidly as j)ossil)l(‘, tlu' iat(' 
of acceleration shoeild l)e such that tlie imnlia is almost equal to the* 
spring tension at ♦the* time' when the valve is half open. If the' 
inertia (‘xceeds the spring tension, then it is (*lear tliat the valve 
and actuating iiK'e'hanism will not follow the cam. The* maximum 
rate of opening and closing is obtained when tin' inertia, due to 
acreleration, just l>a]aiices the spring tc'nsion during the hittc'i* 
portion of the 0]K'ning and the earlier })ortion of the closing period. 
It should be noterV that tin? spring becomes a controlling factor only 
after tlie valve is half open, conse(|uently if its t,ension when close<l 
is 120 lb. pcj* sjpiare incli the tension when the s])ring is playing an 
active ])art is probably Kot less than 150 11)., d(‘p(‘nding u})on the 
normal ***rat^'' of the spring. *' If we assume that the a(?(‘-eleration 
is constant throughout the whole period of ojx'ning and closing, 
then itds clear that the^ rate, of acx-.eleration must ])e fsuch .that the 
inertia of the valve and a('tuating nV'chanism does not exceed^ 1 50 lb. 
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The maximum permissible rate of acceleration may be found 
from the formula, 

a = 

W’ 

If 

wliore a = the a(*.celeration in fe(‘t per second jier second. 

W = the weight of the vah e and tlu* reci[)rocating mass in lb. 
F = the spring tension in lb. • 

(j = the acceleration due to gravity, viz. 3t2’2 ft./sec.*-^ 


In this case the equation biscoiiu^s, . 


a 


150 X 32*2 
16 


= 301*9 ft./sec.‘\ or, saj" 300 ft./sec.“ ^ 

•• 

With ail accclorjiition <»f 300 ft. sec.- the time. tAken during 
one hal^ of the •opening or chtsiug piniod may lie found from the. 
'fornuilij* 


f = 



where h = lialf Hie totid lift in fee.t = 0’U:]75. 
n — ?lc(a*leratioii = 300 ft. sec." 

t = the time in seconds for half the a.seeiit or descent.- 


In this.case, 




075 


300 


50 


= 0'02 .sec. 


'I'he total time of o 2 *eniiig or closing is thi'refore 0‘04 .sec. 

In the ea.se of the engine under consideratioi>the tiine oecujiied 
hy each stroke is 0T25 sec. The total period during which either 
valve is olf its seat will, however, be about 220 degrees, and the 


time of oiiening will therefore In* ““ x 0‘125 = 0’153 .sec. (.If 
' LSO 


this jieriod oiiening and closing take uj) O’OS .sec., leaving 0‘073 sec. 
during which the valve may remain wide ojien. hlx 2 >ressed in 
degrees of crank-angle, 115 degn-es of the ojiening period i.s* taken 
up in opening and clo.sing the valve, leaving 105- degrees during 
which the \aive is held wide open. This vi‘prc.sents th(‘ most rapid 
opening j)os.sible assuming * ^ ‘ 

1. That the waiight of the valve and .such parts of its actuating 
mechani.sni as may he considered to*eonipri.'^e'the total recipiiocating 
mass amount to 1 6 lb. ' 
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2. That the spring tension when at rest is the lowest compatible 
Avith holding tlie valve shut under the most extreme conditions of 
tlirottling, and that its “rate” is sucli that when half open the 
tension is increased by 20 ]Aer cent. 

3. That the' acceleration is constant throughout the whole period 

of oiiening or closing. t 

In regard ‘to (3) it is not essential that the acceleration should 
be constant throughout the whole period. So long as the inertia of 
the valve is not eruitrolled by 
the spring, that is to' say, 
during the first portion of the 
opening ])eriod. and the last 
-])ortion f»f'thi‘ closing, a very 
much highec rate* of accelerr. 
tion may be used if necessary. 

This affects the loading on the 
cam only, it does not affect 
the spring excejit, in this re- 
spect, that under these cir- 
cumstances the change* in ac- - 
celeration, from positive to 
negative, takes jdace earlier 
in the period when the spring 
is less than half compressed. - 
and its tension thei'eforc some- 
what reduced. Except in 'ex- 
treme eases it is not desirable 
to o]»erate with a high starting 
and closing acceleration because, unless the clcaiancc*. betw('en the 
valve stem and the locker beam is very carefully adjusted, the valve 
is liable to close flown on its seating at a fairly high velocity, thus 
causing noise and undue wear and tear. 

The customary method of operating both the inlet and exhaust 
valves in a horizontal gas-engine is shown in fig. 38, which repre- 
sents a cross-section thi'ough the valve chamber of a large Crossley 
gas-engine. Tirthe example shown governing is effected by varying 
the lift of the inlet vah'c instead of by throttling. This is accom- 
plished by nitroducing a movable fulcrum for the inlet rocker 
lever, operated by the governor. So long as tin* valve is at rest on 
its seating the fulcrunt ‘inn <;aft swing freely and Avithout friction, 
since it is not in contact with the inlet rock(‘r. This is a very neat 
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and simple method of varying tlie inlet valve lift, and is certainly 
niost attractive from a mechanical point of view. 

In many of the large douhle-acting engines, and in some of the 
larger examples of the single-acting typo, the valves are operated 
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Fig. 3‘J. -Outline Arniugejiieiit of -l-cyliiulei liustoi/ J^octui Oil'Eiigiiie 

• • • 

1>y means of eee.cntncs on the side sliaft. In tliis ease t.lie requisite 
motion is obtained by tlie introduction of a systmn ni rolling levers 
1 between the eccentric rod and the valve. • This method offers great 
advantages, ])arti,cuhirly when the Va.lves are ^at a# consideralile 
distance from the side shaft, since the inertia of the me^dianism in 
both disectioijis is taken care of by* tlie ec(<cmtrics. Thus the valve 
i^pringf^ are greatly relieved, and have little more than the inertia 
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of the valves themselves to overcome. By the use of this system, 
it is possible to operate a very considerable number of valves from 
a single side shaft and a single paii- of eccentrics, as shown in fig. 39, 
whiith represents a large 4-cylinder horizontal gas or oil-engine 
built by JMessrs. lJuston Pi-octor & Co., of IjiiKJoln. 

Cooling of Valves.— In the case of fne exhaust valve, pro- 
visioi> has to he made for dealing with gas at an exceedingly high 
temperature on ])oth sides of the valve, and means must be provided 
for withdrawing the lieat^from the valve head as rapidly as possible. 

- In veiy small engines the area of the valve is generaTjy so small in 
relation to its circumference that the heat can be conducted fiom 
the centi't* to the seating without difticultv, .and tin* inlet find 
L^xhaust A fdves (*;in therefore b(* iiiade* identicfd. In hirge .engines, 
however, wlrer(‘ the area of the valve is gr(‘fit, there' is a dfinger of 
the centre' ])ee*.oniing so hot as to ('Uir-e prematur? ignition, alse) 
distenlion anel leakage'. 'J'e) obviate these eliffiemlties, very laige? 
exhaust valves jire semietime's inaeh' he)llow, find cooled by wfiteir 
circulation. This is certainly effective, l)Ut from a nice'hfinical 
point of view it is no easy matter to maintfiin a e'ontinufd supjdy of 
water without leakage.’ As a general I’ule, watei-e.ooling of exhaust 
valves is not adopted, designers jirefciring te) obviate pre-ignition 
by the Use of a lower compression ratio, or fi lower mean })i‘essure, 
even fit the expense of a small jiercentage of thernud i'tficiency or 
power. To avoid watei’-cooling, it is a common })iactict', in large 
uncooh'd exhaust valves, to use very heavy valve heads, find to 
maintfiin a toh'rably uniform temperatui’c across the hefid of the 
vfilve by I'lnploying a great thickness of metfil. TIk' licfids fire 
usually made of hard cast iron, cast in chills, in order to ])rovid(i 
a very hard wearing face, find it is found that this nifiterifil sufiers 
less than steel from the scoring or erosive efi’cct of highly-hefited 
gases parsing over the seating at fin ('xceedingly high velocity. 
The stems fire u^sually made of nickel steel, and ari' screwed find 
riveted inte the head. In some cases, howevc'.r. both tlie heads and 
stems iive of cast 'iron. The valves shown in fig. 40 are typical 
examples of those u.sed in the best modern gfis-engines. 

In order to withdrfiw the h('at from the exhaust valves as rapidly 
as possible, the stems are sometimes made of rfither huge, diameter, 
and are pj-ovfded with wfiter^cooled guides, which ai‘e carried as close 
up to the head of the valves as possible. One of the principfd sources 
of trouble expc'rienced tV) a grcatei; or less degn^e with fill exhaust 
valves is the burning of the stem just under the head of the valve 
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at the point wliere the gases iiupingc upon it. Various methods 
are adopted to overcome, or at least minimize, this trouble. In very 



Iaro(. piigiiie.s it is usual to provide»a ,kind of skirt, .made* of cast 
iron, in one ])iece with the valve head, .somewhat as sliown in fig. 41 ; 
this skijt fits freely over tlie out, side of thV; valve* guide,- and .so 
‘•oinple^ely ju-oteets the stem of the valve from the exhaust products. 
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llio skirt itself, heiiig niude of cast iron, does not burn so readily 
as the steel stem. This arrangement certainly protects the stem 
admirably, and has much to recommend it, but, since the skirt has 
to pass outside the guide, and is necessarily of <*onsiderable diameter, 
the effective area of opening is somewhat limited. In smstllcr slow- 
running engines, the difficulty is usually if.et by the simple ex- 
])edicut of using a lieaviei" valve .stem, but this, as has already been 

sliown, increases the strain on the junction 
betw(‘en the valve head and spindle. 
0 '^^/// small higt-speed petrol engines, the 

■ 1 l)roblem is very successfully met by the 

emjjloyment of tungsten steel, better known 
■ - ' as high-speed t\»ol steel, for the whole valve; 

• I this metal rettiins its tensile strength over 

a veiy wide, range of tem})crature and 
sulfers very little from corrosion of burn- 
ing. .Any local weaktiess is avoided by 
Fig. the provision of an ample radius nmler the 

head. Such steel, however, which geiie- 
rally contains about *J() per (;cut of tungsten an/1 4 per c(!n1 of 
chromium, is difficult and e.xpcn.sive to maclii'iie, find if is doubtful 
whetlicr it could be siiecessfully applieil to larger engines; it has, 
morcovei', the disadvantage that it scahts inoji* rapidly tlnui .nickel 
steel. To the engineer aceu.stomcd to large slow-running engines, 
it is amazing to .sei* wliat these e.xhaust valves will stand, for they 
appear to be abb; to lun cAntinuou.sly at an migine speed of over 
3000 H.P. .M.. with not only the bead, but a con.siderablc jiortion 
of the stem,, also tit ii red heat, and this without distortion or 
stretching, whih', the breakage of exhaust valves, even in racing 
petrol engines, is now a matter of rare occurrence. 



CHAPTER XIII 

PIPEWORK 

• • 


Design of Pipework. — It hys iiceii stated that if the opeiiiiijr 
ttroiiu,!) tlie inlet* valve he sueh that the gas veloei^j’' does not 
exceivj, 1:30 ft. ]K‘r second, an excellent volumetric e'fliciency can 
be obtained, but tjiis is true only jnwided that the’ passages and 
pipework leading up to or from the valve are correctly designed, 
and .'^so that the valve opens freely into the cylinder. If the valve 
is plai'ed in a pocket in the cylinder, as is usually the case, care 
must be taken to ensure that the contour of the a\ti 11 s of the pocket 
is such that the gases entei' the cylinder at a steadily decreasing 
veloeitv, and that neithei' th(“ir direction nor their velocitv are 

• * i • ^ 

changed loo abru])tly. The same thing, of course, appli('s,to the 
exhaust valve; tlu' gases mu.st be steadily accelerated until their 
velocity reaclu's a maximum as they pass through the opening of 
the valve, and then steadily reduced again. In the design of the 
valve jiorts and CA'linder, the principh‘‘,of the venturi tube must be 
borne in mind, the ojieningof th<‘ valve being regarded as the throat 
of th(' venturi. In addition to this, there is yet^another point to be 
considered, iianielv, the inertia of the gases in the inlef and exhaust 
liipes. and under eertain eireninstanees this inertia may be made 
Use of to iiicreasi' the volninetrie. effieiency. 

Taking first the case of a single-cylinder engine of the four- 
cycle tyjie, which draws in a charge of ail- or comhustihle mixture 
every fourth stroke. At the moment when tlR? inh'f valvi' first 
opens, tlie aii- in the pipe may be assumed to be stagnant, mid the 
piston practically at rest on its inner dead centre. As the piston 
travels outward 011 the suction stroke the \elocity of the air is 
accelerated. At about mid-stroke ,the piston will have • attained 
its maximum velocity, but, owing to*the inertia of*the air, there 
will he a eertain amount of lag, dej] lending .upon the length of the 
pilic anti tint wi'iglit of air in it, consctiucntly the air will not have 
attainfil its maximum \ eloeity until after t|ie piston has passed tlic 
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mid-stroke and is slowing up again. AVheii the piston has readied 
the outer (*entre and come to r('st, the air in the pipe will still he 
travelling at a high velocity, and will tend to sujierdiarge the 
cylinder. In ofher words, during the first portion of the suction 
stroke, work is done on the air in a(H*(‘lerati^ng it within the pipe, 
and during tl^e second portion sonic of the kiiu'tic (‘iiergy thus 
geneifited is converted into static* pr(‘ssure. The timing of the inh^t 
valv(‘ should he such that it (‘loses exactly at the moment when the 
normal flow through the valve wo»uld stop. Owing to^ the lag, this 
is generally at a point when^ the piston has *rrav(‘lled through about 
, 40 degrees of the return stroke. 

In some excejitional cases, where ^a very long induc'tion pi*pc 
is employed, the lag may he much greatei*, and it may he advisahk 
to keep the inlet valve op(in until the iiiston has travelled through 
as much as GO degrees of the return stroke*. At thd moineut when 
the inlet valve (doses, the velocity of the gases in the immediate 
neighhourhood of the valve has heeii ,(*h(*,cked by the increasing 
static pressure*- Atithin the cylinder, hut the air at the farther end 
of the pipe still has a consideralile*. velocity, and this in turn t(‘nds 
to pile up a static i)ressin*(* hehind the* valve,. , Tljis (*ovtinues until 
the whole (jf the kiiietic energy of the air within the pipe has l)(‘(‘n 
so converted; a reversal then takes place*, and the air acejuires 
a velocity in the opposite; direction. Thus a pulsating eflecf is set 
up in the; induction })ipe. The* effect of this first reversal is to 
produe^e a hl()w-ha(;k at the# 'mouth of the ])ipe. Such a hlow-])ack, 
however, do(*s not necessarilv mean that the* inlet valve* is leakini*' 
or that the liiniiig^is ince.UTee't; it is, in fact, a Jiornial and healthy 
ejeuidition. 

Now. if the [julsatie^ais se*t iij) in the ineluction jafu* sviiedironizc 
with the* ])e*i*iod of ojK-ning of the inle*t Aalve, so that the; air in the 
pipe has an initial velocity in the diree*tion e)f the* e/ylinder at the 
e‘Oiiime*ne‘e*me‘nt rff e*ae*h suction stroke*, it fVdlows that the inertia 
effec'f. is gn*at(;r, *ahel that the pulsations will ijicrease with eae*h 
suctioil stroke so long as they lomain in synchronism or until they 
have reaedie*e] a .maximum. If this he; the* e.;ase, the ejuantity of air 
take*]! into the cy]inele*r ydll he conside*r/d>ly increase‘(l; hut if, on 
the other hand, the pulsations are out of phase* with the j)eriod e>f 
the inlet valve; ojVjiing, aiul the aii* has ae-cjuirell a velocity in a 
direction away from the cylinejer at the* moment whe;n the valve 
(dose;s, a smaller charge will })e* tiaken into the* cylinder hit each 
stroke until the pulsations have died down again. 
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From the above eonsiclerations it is clear that if a long induction 
])ipe be fitted, the volumetric efficiency, and therefore, of course, the 
mean effective pressure, will vary according to wheth(‘.r the perio- 
(li(‘.ity, or some function of the periodicity, of the pulsations of the 
induction pij)e synclironizes with the period of the inlet valve. 
When these pulsatioiA are in phase the volumetric efficiency Avill 
1)(‘ above, and when they are out of phase it will*l)e belo^" the 
jjorinal. As a g(!neral rule, long induction pipes are to ])e avoided, 
luM-ause, even though th^ average result over a long period may 
be uiiii fleeted, they an; liable to produce periodic changes in the^ 
mean effiu'tive })ressure, which are detrimental to the gov(‘rning*of 
i\w imgini*. In engines which are always reejuired to run at a 
uniform speed, and in which the charge of air is alwa^^s uniform,-^ 
it is conceivable that the hmgth of *the indu(itioii pij)e might be 
adjusted so th^^t tfie pulsations were always in synchronism with 
those of the inlet valve, and an increase in volumetric efficiency 
and pow(‘r might be gained therel)y. But in engines in which 
c‘ithei* the speed or the weight of charge, or both,, ari‘ varied, it is 
not easy to se(‘ how advantage* eould be taken of thesi‘ ))ulsations, 
unl(‘ss tlH‘ iiiducliion pi})(‘ could lieMnade in the form of a trombone, 
wlji(di is hardly practical )le. 

A somewhat similar idfect is pniduced in the exliaust pipe, but 
here tJie conditions are not <|uite the saim*. AVhen the exhaust 
Aalve. is first opened, there is generally a eonsidcn-alde ])ressure in 
tin* ('vlinder, aiul tin* Nelorily of the>- gases is very high indeed. 
This immediately produces a high velocity in the (‘xliaust pipe, so 
that th(‘ maximum vehx'ity is reached long Ixdbre the piston has 
attained its highest V(‘locity. In tanisecpimu'e, ifi this^^-ase, instead 
of a "lag ’, tlu*re is a sulistantial " load ’ in the gas vedoeity over 
tliai of tin* piston, and if there be no stnlous resistanc(‘ at tin* end 
of tlie exhaust l)i])e. the imutia of the gasi‘s will tend to reduce tjie 
pressure iti tin* (cylinder to below atmospheric, ^lien the exhaust 
valv(‘ is e]os(‘(], the same reversal will take pl* 4 ce, ami the saim^ 
pulsations will lie s(‘t u]); couseijmmtly the pr(‘s.^ure in tlie cylinder 
at the end of the exhaust will dejiciid to some (‘xteiit. upon whether 
the ])eriodicity of th(‘ pulsations is in or out of* phase with tlie , 
i‘xhaust-valve ojieniug. In this ease, ho\tever, the initial ^velocity 

so mucli greater that the influence of the pulsariuns is inueli 
rt‘d need. 

Ill ])i‘aeti(#e, the usi* of an efficieiii* mutllej* at th(‘ end of tlu^exhaust' 
pipe ggnerallv produees so s(*rions a. resistanee to tlie free flow of tJie 
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gases tbat full advantage cannot be taken of their inertia. The 
effect, however, is clearly shown in the indicator diagrams (fig. 42), 
in which the exhaust line following an explosion is niucli lower, and 
shows less back pressure than wlien no explosion has taken place, 
and the gases have no high initial \ clocity. These arc actual indi- 
cator diagrams taken from the author’s elfperinicntal engine, to 
which fi' fairly long and tortuous exhaust pipe was fitted, and in 
which the muffler was too small and offered serious resistance to tlu^ 
fi'ce flow of the gases. .Assuming that, the lu-e.ssure of the gas('s 
• in the cylinder amounts to 45 lb. pej- squar(! inch absolute, at the 
moment when the exhaust' xalve is first o])enpd, and that their 
weight, taking into account their high tempcial ur<'. is ()'02 lb. per 
'‘cubic foot, then, if tlu're be no friction* their initial velocity,, may be 

>n : 

t. 

= 2r/(l‘-y^j 

W 

= fhv v(‘l(»(‘ity throuoli tli(‘ exhaust valve, 

= tlie initial absolute ju-essuie, 

,= the ti^al absolute pressure*, 

= the weight t)er (‘iibie * 

(;4*4 X 144 (45 - 15) 

' () (r2 

(14 -4 X 144 X ;;() 

* ITo-J ’ 

1 :.iyoo()()(), 

U7 15 ft. ])er seoojal. 

This is the velocity through thr valve ])ort at lh(‘ uioiuent when 
the exhaust vahe is first o])emMl, assuiiiiiig no fri(*tioii loss. The 
vf'locity in the p^ipe will 1 m* very much lowei*, be(*ause the area of 
the pi})e slk^mld l^*,at lea>t 50 per cent greater than the maximum 
ai’ca o^* the valve ; 'moreover, the gases are e.ooliiig and ('contracting 
ra})idly. But taking all this inU) a(j('(mnt, the Jua.vinium velocity 
in the exhaust ‘jhpe may still b(‘ well over 1000 ft. per se(*,ond, 
a tigure far in ex(*vss of anytliing obtained in tlu* inlet pit)e. 

To cliargt the .cylinder fully, one has only the pressure of the 
atmosphere to rely upon ; to empty it, one has both the high initial 
velocity in the (‘xhaust •t)ipe and the jKtsitive action of tb:.* piston 
in one’s favour. Fioin all the above considerations it is fairly chiar 
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that attention must he concentrated on the inlet valves and inlet 
piping rather than on the exhaust. 

Piping of Multi -cylinder Engines. — So far only .single- 
cyliudered engines have been considered, hut when two or more 
cylinders are employed the problem hei-onu's moi-e complicated. In 
most largo multi-cylinder horizontal engines se[)aratc and entirely 
independent induction and e.xhaust pipes are fitted to each cylinder, 
and the problem is thus the .same as in the case of a single-cylinder 
engiiK^; but in many high-speed vertical gas-engines and petrol 
engines it is clistomary for all tin* cylinders to draw from a common 
carburettor or throttle chamber, and to'cxhaust into oik* common 
]u])(‘ or manifold. In such cas(>s the induction and exhau.st pi])ing 
must be^lesigned with the greati'st care. 

Taking the case of two-cylinder engines first. If the cranks are 
set at SdO", anil both pislon.s travel together, the expau.sion and 
•suction^strokes occur at (apial intervals, and tla^ effect is precisely 
the .same as in a single-cylinder engine running at. doubh* the 
number of revolutions. But when the cranks are set at 180”, as is 
commonly the* case in high-speed engines, two suction strokes follow 
each other .sueee.'.sively, and are tlgain follfiwed by two exhaust 
.strokes. In this case Xo. 1 cylinder first draws from the induction 
pipe, and creat»‘s a high velocity theiein, but the full advantage of 
this is not realized in No. 1 l ylinder, because, long before, the gases 
can «-onie to rest, the inlet valvi' of No. 2 cylinder is openeil. and 
theii' velocity is again accelerated by No. 2 justou. At the end of 
this stroke full advantage is taken of the high velocity and kinetic 
energy of the gases to raise the static juessure in No. 2 cylinder; 
conse(|uently this cylinder receives a larger chargi^ Tlie .sauu‘ thing 
applii's to the exhaust if a faiily long jiipe be used, for the opening of 
No. 2 exhaust valve may tend still further to accelerate the velocity 
in the common exhaust l>ipe. If the flow of the exhau.st gases be ry- 
.strii'ted, then the sudden rise, of })res.sure, which o(;curs when No. 2 
exhaust valve is opened, may drive them back iu^o No. -1 cylinder. 
On the. other hand, if the ]nj)e be long and the flow ijiiite free, the 
sudden increase, of velocity in the pijie may create a jiartial vacuum in 
No. 1 cylinder. In either ease the result will be irregnlar. and the. 
positive or negative ])re.ssure in the two cylinders at th(‘ end. of their 
exliau-st strokes will not be the .same. >. 

In three-cylinder engines the cranks are .always set at 120", and 
the inte^’als 4H*tween the suction strokes art^ equ.-d, but the cylinders 
draw i» their charge in the order 1, 2, 3, 1, 2, 3. It is a common 
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practice to employ a single straight induction pipe running along- 
side all three cylinders. In this case the gases are steadily ac(*cler- 
ated along tlie pipe and reach a maximum velocity while cylinder 
No. 3 is takivjg in its charge, consequently this cylinder receives 
the largest vvciglit of clnirge, wliile in order to supply No. 1 cylinder 
the How of gases in the pipe must be brought to rest and reversed, 
witl^ the resfalt that No. 1 cylinder is starved. In the case of a 
gas-engine or Diesel engine, which do not rely upon the velocity 
in the inlet pipe to retain the fuel in sifspeiision, this difficulty (‘an 
be largely overctome by the employment, of an ind^iition pi]3e of 
very large diameter, so tha’t the velocity is exceedingly low and the 



inej’tia forces arc not serious; but in the gas-engine the common 
induction pipe should be divided by a diaj)hragm, in order to 
separate the gas fiom the air, which should only lx* allowixl to mix 
as they pasis through the- inlet valve of each cylindc*]’. Otherwise, 
in the event of a back-fire through the* inlet val\e, due to a slow- 
burning mixture, on the previous cyi'le, the wh()l(‘ of the combus- 
til)le mixture in th(‘ larg(‘ (*ommon induction pipe will be ignited, 
and for the next few (*ycles the engine will draw in produOs of 
combustion inste^icj of (xmibustible inixtuie. 

Ii^ any engine' employing jietrol or vaporized paiaffin a, large- 
diameter pipe cannot be used, because, unless th(‘ gases be main- 
tained at a hi^h velocity, the vapour may condense, and any un- 
vaporized particles of fitel will be precipitated on the walls of the 
pipe. HcTKXi must be Vound for providing equal distribution 

to all cylinders, and at the same time for maintaining a high velocity. 
The siihplest rnetlmd is*probably to use* tliiee separate pipes, one to 
c*ach cylinder Iciading from the common carburettor or vti'porizer. 
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In this case the length of each pipe should be as nearly equal as 
j)Ossible in order to ensure that the periodicity of the pulsations in 
t*ach shall be the same. Another method, and one which has l)een 
employed by tlie author with some success, is illustr;ited diagram- 
matically in fig. 43. In this case a single induction pipe is 
(Muploy(^d with three short branches, one leading to ea(*Ji cylinder, 
but the pi])e is (‘«arried completely round the three cylinders, in 
Older to form a closed circuit and allow the gas(*s to flow continu- 
ously in one direction. Thei supply from the carburettor or throttle 
valve is then ^ed into tliis pipci tangentially. This arraugennuit 
[Kumits of a high velocity being maintained continuously in the 
induction pipe, and provides for equal distribution to all cylinders. 



Piping for Four-cylinder Engines. — In four-cylinder four- 
cycle (*ngin(‘s the cranks are set so that the two outside and the two 
inside pistons jespe(*tively rise and fall simultaneously. That is to 
say. when the two inside pistons are on the bottom deac^ eentre the 
two outsidi* are on the toj) eentre. In this ease' the order of firing, 
and therefore of charging, is 1, 3, 4, 2. This may be also written 
3. 4. 2, 1; 1 and 4 Ixung the outside cylinders, and 2 and 3 
inside cylinders. From this it will be seen that paij* numbers 3 and 
4 draw th(‘ir supply of working fluid eonseeutiveJ;i from. the inside 
outwards, and are follow(‘d by pair numbers 1 and 2, widely also 
draw th(ur supply from the iiisid(‘ outwards; thus the direction (»f 
Ilow must be reversed between 4 and 2, and between 1 a.nd 3. or 
twive cycle. * 

To obviate* this all sorts of arraijg^iiu*nts he#ve bL*(*ii adopted, 
and that usually em])loy(*d is shown in fig. 44, in wdiicli tlu* car- 
burettor Is shown at a. From A to n a singit pipe, or eor(*d passage, 
is led •through betweejj the central paii* of cylinders, and then 
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branches into two, leading to the inlet valves of the two pairs of 
cylinders. These valves are placed side by side, with the exhaust 
valves on the outside of each pair. In the pipe a b no reversal 
takes place, ftud the gases How continuously from A to B, but in 
the branch pipes b c and B D reversals do take place, the gases tlow- 
ino- alteruatelv in the direction B c and B n. These, however, can 
be Jvopt very sliort, so lliat the iiieitin forc'cs of tlic^ gases are not 
of any consequence. 

A S(!con(l ari-angeinent. and one that is very frequently em- 



ployed, particularly wlnm cylindei’s are ('ast s(q)arately, is illustrated 
in lig. 45. Jn this cas(» short connecting pi])es scu’ve to connect the 
inhit valves of each.])air of (-ylinders togetliei*, and (‘ach pipe is 
suppli(‘d by a seijaiate in<lu(‘tioji pipe le/iding from tin* (*arburetto]*. 
This does, not appear to b(‘ a very good ari’angeuK^nt, because in 
ca<*h ,pair of cyliildei’s theie ai-e two successive' suction sti’okes fol- 
lowed l)y two strokes during which the inlet valves ai‘(i closc'd; 
consequently tlie flow of the gases in eacli indu(*tion ])ip(' is arrested 
allei'iiately, and pulsatfons set u]). Moreover, in each pair the 
S('cond cylinder y\U receive a larger charge than IIk' first, since, 
as in the case of the two-cylinder (*ngine, the s('(*ond cylinder takes 
advanfage of the high* velocity cheated in the indu\*tion*‘ pipe by 
the first cylinder. It will be noticeil that in this case theLe is no 
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])iivt of the inlet pipe in which the flow is continuous and in one 
direction. 

The arrangement shown in fig. 4G is om; that is sometimes 
iitlopted for very liigh-speed engines, in which it is desired to obtain 
the maximum possible honse-power from a given size of cylinder. 
In this case a closed circuit is emjdoyed for each pair of cylinders, 
and, as can be readily seen from tlie diagrammatic illuetration, the 
how of the gases is continuous and in one direction, ^’his arrange- 
ment, however, is bulky, aud^if used for petrol or paraffin it presents 
a very large j*nount of surface fol- condensation, wliich must be 



seiions wlien the engini' is throttled down and thcA-elocitv is mmdi 
]v,du ced. Since eacJi j)air of cylinders is supplied indejjcudently, it 
is clear that tlie same arrangement is efpially applicable to two- 
cvliiide.]- engines, tvith craidvs at 180°, though the author has never 
seen it applied to such engines. 

Piping for Six-cylinder Engines. In tile case of six- 
‘■ylinder enghies the problem is still more eomjdieated, and since 
the arrangement and relative angles of the cranks are determined 
by the conditions of even-turning moment and balance there is very 
little (djoic.e in the order of firing, the usual order being 1, 4, 2, 6, 
5. A mere glance at. this s(‘qu(‘nce suf^ces to show tlnjt no closed 
'•irc.uit system of jupiug i.'* pos.-^ible, nor can reversals or pulsations 
bi‘ avoidej,!; also, owing to the great* h“ngth,df the engine the in- 
duction ^piping must nece.ssarily be very long, .and therefore the 
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magnitude of the inertia forces becomes serious at high speeds. 
For this reason nearly all six-cylinder engines are provided with 
two or more carburettors, or throttle chambers, when it is required 
to ()l)tain the^ best possible power or efficiency from them, as, for 
instaiK'e, when they are employed for a(U'0])lanes. As a general 
rule six-cylindei* engine's .ai‘e used only for motor-cars, aeroplanes, 
and marine 'Work. In the former case the engine usually has so 
large a margin of power that a poor volumetric I'fficaency can be 
tolerated, and a singh' carburettoi*, with a systeii". of pipc^work in- 
volving till' minimum possible ‘amount of interference, is adopted. 
*In the (*ase of large marine oil-engines, in which air only is taken 
into the cylinders, no such difficulty exists, because each cylinder 
can be :fttted with a separate shunt length of pipe open to the 
atmosphere. 

Exhaust Piping. — Taking neyt the question of exhaust piping. 
The ilesign of this must depend both on the timing of the valves and 
on the tyi)e of muffler, or conversely the timing of the* vafves must 
depend upon tlie arrangement of exliJaist pipe. In single-cylinder 
engines if a long exhaust pipe can l)e jnovided, free fi’oin sharp 
bends and ojiening kito a imcffier of large (*apacity, which offers 
little resistaiK'o, then advantage (‘an l)e ta’klm the ‘inertia of the 
gasefs in this pipe for S(!av('nging flu* combu.stion chainl)ei*, and the 
inlet and exhaust valves (*an “overlaj)’’. If, however, owiiig to the 
design of the engine-house, there is not sjjace for a, large muffler, 
or if for anv other reason a pipe of sufficitntt length cannot 
advantagc'ously used, then half nmasuros should be avoided and the 
muffler should Ik* placed close up to thc^ eylindi*!*. In such a ciase 
no overlap should bc^. allowed in the timing of the valves. As a 
general rule, it may be said that it is always prefmablc to employ 
separate exhaust jiij^es to ('a(‘.li (*y]inder whenever possible, and in no 
case should these be led into one common rcM-civer. If a common 
receiver is inevitable, as is usually tlie case on motor-ears, theTi the 
receiver shouldMa* kept as far as possible from the cylinders and 
tlie separate pip(>s made to avoII into it, or dcHecitors used 

to prevent the gases fj-oni one cylind(*r n'acting bark into another. 
Nothing (*an lie woi’se than the arrangement only too often seen 
in manufaeturers’ test rooms, where a large e.ommon exhaust pipe 
is provideck iiito^ wliicli t\ guinlier of engines (‘xliaust through short 
bi'aiieli pipes. Such an arrangement is lialile to pioduec disturbanc'es 
of such magiiitmh* as‘to interfhre sei’iously with tlu^ giMU'nd running 
of all tlie engines, and more espeejally is this the case \v;Jien the 
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engines operate on the two-stroke cycle, a cycle which is very 
sus(‘-eptible to disturbances in the exhaust. The pulsations in one 
long common exhaust pipe may, under conditions of synchronism, 
leach a magnitude which few peoplc’t realize. 

In the four-cylinder engines used for motor-cars and marine 
work, the use of four separate exhaust pipes is sometimes impossible, 
and in these eases all four cylinders exhaust into one common 
manifold, fitted close up to the cylinders, and in some cases (*.ored 
int(> the same casting. Whpn a single manifold is employed, the 
blanch pipes lAun the cyhnders leading into it should be of com-* 



jiaratively small bore, and should meet tlu' manifold tangentially, 
so that the exhaust gases from all four eyliiidei-s enter i^ at a high 
velocity, and all in the same. din‘ction. Unless this is done there 
will 1 h^ a consid(‘i‘able amount of blow-ba(‘k of the exhaust gas(*s 
from the cylinder which has just started to exhaust, into that which 
is just com])leting its exhaust stroke. Attention must be ])aid to’ 
the sequence of firing, and the. cylinders should be cbnnected to th(‘ 
manifold as shown in fisi'. 47, and not in any case as. shown in fig. 48, 

- - 9 . 

an arrangement- sometimes adopted. In the arrangement shown in 
fig. 48, since (*ylinders 3 and 4 exhaust successively, and their 
exhaust valves are open for about 220" of the eraiik in each. ease, it 
follows that there is a period during V^jich both valv<;s are oj)en 
simultaneously, ami the (^xhaiist gases issuing from \o. 3 c-ylimlcr fit 
II high piussury, will enter No. 4 eyliirtler jusS Itefore the eonuJetiou 
of the .-^roke, find thus introduee.’a hirge quantity of exhaii.st pro- 
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ducts immediately before the commencement of the suction stroke. 
Tliis will luuT. a very deleterious effect upon the volumetric efficiency 
of that cylinder. It is often found convenient to arraijoe tlic exliaust 
valvTs of Nos. 2 and 3 so that tliey l)oth exhaust into one common 
chamber immediately behind the valves, and since tlie exhaust 
strokes in tlies(' two cylinders take place a whole revolution apart, 
there is not'^the least hiar of overlap. Tliere is tberefore no objec- 
tion to this aiTano(‘ment, wliich is neat and convenient. 

In the case of very high-speed four- or six-cylinder engines, if 
the exhaust is perfectly free, as in a racing motor-c/ar or aeroplane 



engine, a consideral^le advantage will be gained by using four or six 
sepai-ate exliaust* pipes for some distance from (‘acli e.ylinder, and tlum 
merging them all into one long common pif^e. Since* the (‘xhausts 
fi'om foul’ or more cylinders overlap, a ('mitinnous higli v(‘lo(’ity can 
be maintained in the common pipe, and advantage taken of this to 
produce a partial A^acuum in each cylinder at the end of the exhaust 
stroke*, or, if the valves be tinned to, overlap, to provkhi a (^eitain 
amount of scavenging. Such an arrangcunent is only of advantage 
when a perfectly free exhaust can be permitted, but owing to the 
terrific noise it cannot usually be toIe,i*ated. 

From the above coiwsiderations it will rcfidily be understood that 
the design ,of the pijievvork is a matter that d(*.serves a great deal of 
consideration. In multiple-cylinder engines, efforts should be made 
to obtain a continuous flow in one direction throughout, the inlet 
and exhaust pipes, so that the changes in velocity may be,, utilized 
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lit;. 

to obtain a piirtia] vacuum in tlic cylinders at the end of the exhaust, 
2 Uk 1 a sligl^t supercharge at tlie end of*the siuitibn stroke. 

Wljere it is not possilde to obtain a continuous How in one 
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direction, tlie designer must dcicide wh(!tlier lie will attempt to make 
use of tlie reversals and pulsations that occur or not. If he con- 
siders that the conditions under which his engine will he running 
are such that the inertia forces set up hy these pulsations can he 
made to si'rvo a useful purpose, he should arrange his pipework 
accordingly, using fairly long pipes of conijiaratively small bore, 
and he shordd he carid’ul to ensure that the timing of opening and 
closing of his valves is correctly adjusted to suit the magnitude and 
periodicity of the pulsatiims. To ascertain if this is the ease, an 
optical indicator should always he einployed, for-’’ the inertia of 
•the parts of a pencil indicator is so gn'at in relation to the veiy 
light s]iring that must necessarily he used, that the results obtained 
cannot lie relied upon. The imKcator diagi'ains, illustrated in 
figs. 47, 48, are taken from the induction ami (wliaust i)ipes of a 
four-cylinder high-speed engine, and Serve to show the kind of 
diagram that can he obtained, and the efl’ee.t of the inertia of tl:.i 
gases ill the pipes. When, as is more freijuently tlu' easi', the 
designer decides that he cannot conveniently make use of the pul- 
sations and imu'tia forces, he must take care to ensun' that they 
are reduced to a minimum hy-^the mnploymeiit.of short and large- 
diameter pipework, in no case .should tJie pulsations he ignored, 
for their etfect may he mu<‘h more serious than is commonly sup- 
posed; also, in no case should a nnmher of iiidepemhmt engines he 
ari’anged to draw their supply from a common ring main, unless 
.separat(‘ receivers of large* ca painty are fitted clo.se to (‘ach engine, 
nor should they he allowed to exhaust into a common exhau.st jiijie. 

The whole (piestion of pijiework is a matter of extreme impor- 
tance, and it is' no great exaggeration to say that in the design 
of an engine the pipework should first he arranged, and the ri‘st 
of the engine put in where there is room for it. 

From all the above con.siderations it is clear that no definite 
rule can po.s.sihly he given as to the timing of the inlet and exhaust 
valve.s, for this must neces.sarily dejiend upon a great iiumhcr of 
different factors. ‘ 



CHAPTER XIV 


MECHANICAL DETAILS 

Lubrication. — The system of liibrjeatiou to he employed must 
depend both upon the size and sp(*ed of tlie ('n<i;ijie. For large com- 
paratively slow-running engines it is usind to lubricate the inair. 
cranksliaft bearings by means ol ring oilers, as shown in fig. 50; 
that is to sa\’, sh't''^ fU’e eut ii^ the uppei- halves of the main bearings 
at right angles to the centre line of tlie shaft, so that a portion of 
the mnksliaft is ex- 
posed. riain rings, 
geiiei’ally about 60 per 
cent large!’ in iliaineter 
than the (I'ankslmft.’aVe 
threaded over it, so that 
1 h(‘y rest upon the shaft 
in the slots, and are kept 
in ])osition by them. 

The lower ])arts of the 
rings dip into troughs 
1 »e low thii 1 K'arings, which 
are kept well filled with 
oil. As the shaft revolves 
thes( ‘ rings also iH'volve, 
but at Ji slower sj)eed, due partly to their greater diameter and 
J)artly to the retarding etieet of the viscosity oI the oil. In this 
way the oil is continually being dredged by the’.rings, and delivered 
to tin; craidvshjift and beiirings through the slots on the top. For 
medium and slow-speed engines, wdieiH' the bearing pressures art* 
comparatively low, this system works admirably, foi' it is thoroughly * 
reliabh* and t'asy of inspection. • ^ ’ 

For the crankjhn bearing, what is commonly know’ii as ii banjo 
lubrie.i!|or, jihow'n in tig. 51, is gilierally .fitted; this eonsi.sts of a 
<‘one,gitric brass trough attached to the side of the oraidvwebs, into 
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wliicli oil is foil by a sight-feed lubricator. From the trough, holes 
are drilled through the crankwebs and crankpin, and the oil is 
forced through tlu*se to the connecting-rod big end bearing by 
centi-ifugal forc(‘. The outlet hole on the (a*aiikpin should pre- 
ferably be drilled in such a position tlnit the oil is not delivered at 
the j)oint of maximum pressure; that is to say, it should be drilled 
at an angle of about 45° to the sides of the crankwebs. 

The lubrication of the pistons of sijjgle-acting engines is usually 
provided for by means of a sight-feed lubiicator working in con- 
junction with either a. dn^dger or 'small plungin’ pumpdfclriven from 

the camshaft, and arranged in the case of 
horizontal engines to d(>i]iver oil to the top 
side of the pisy^on; snitaUe ducats or pipes 
being htted to tlu^ piston to convey some 
of this oil to {he conniiccing-rod small-end 
bearing. For vertical (Migines of the open 
type, and also for double-ai’ting eilgiiies, 
the oil is forc(‘d into the cylinders by means 
of plunger ])Uiiips, and delivered at three or 
four points equidistant arovjnd the circum- 
fereiK'e, in the same * manner as 'is usually 
adopted in steam-engine practice, whim 
using superheated steam. 

For all engines running at very high 
rotative sj)eeds forced lubrii-ation should Ix^ 
employed for th(' main bearings, and thci oil 
should be supplied al a pi essurc of from 5 to 50 lb. pei* sijuaii* incli. 
In this ca>e ,the same oil is circuJat(‘d over and over again, and 
collected in a trough or sumi> bottom of the base chamber. 

Before being circulati'd a second time the oil should be made to pass 
through a filter of tine wire gauze, and also, in the (;as(‘ of large* or 
severely loaded engines, through an oil-cooler of ample cooling sur- 
face; the provisioi/of such an oil-cooler m/ik(‘s for more efficient lubri- 
cation and for ecommiy of oil. AVhen forced lubrication is employed 
the engine must, of course, be totally enclosed, and juovision should 
be made for ventilating the crank-chamber, otherwise, owing to the 
high temperature of the pistons, some of the luhrieating oil may be 
vaporized and, an (*xplosive mixture formerl therein. Several serious 
accidents have aliearly occurred from this cause. Further details of 
the metlK)ds of ]u])i-i(;atiO(n employed in different types of (uigines 
will be given wlien dealing witli each particulai* tyjxi in detail. 
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Bearing^S. — As a general rule, for all main and connecting- 
rod bearings white-metal linings should be employed, and phosphor- 
bronze bearings should seldom be used except in conjunction with 
case-hardened steel journals. The whit<! metal .should be (;ast into 
a steel, or cast-iron, or better .still, a bronze shell. In any case the 
surface of the shell should always be well tinned bcdbre the white 
metal is run in; this will ensure good contact and reduce tht risk 
of the white metal breaking away. When cast-steel or cast-iron 
shells are u.se^, a number df dovet, ailed grooves should be turned or 
cast, .so that the whit('-raetal lining i.s keyed in po.sition. It is also 
advi.sahle to hammer the metal well after cooling, in order to stretch 
it and so take up the contraction whi(;h occurs on coojing. It i.s 
most important that the white metal should make a g(tod metallic* 
contact with the sliell, for, not only is it liable to Itieak away if 
jint uniformly ’supported, bift there is also danger of a certain 
amounl of lubricating oil finding its way between the white metal 
and its slitdl. Since oil is a ])oor conductor of heat, this may lead 
to overheating and fusion of the bearing metal.. In very small 
engines it is be<‘oraing <-ustomary to em])loy die-cast whitc'-metal 
b('arings without? any .separate shell. These* bearings arc cast dead 
to .size in metal moulds, and require no machining btyond a little 
scraping on the bearing surfaces. The practice, however, is not to 
be re(?ommc-nded, because oil can find its Avay behind the white 
metal, and so insulate it and prevent it from conducting its lu'at 
away. .4n excellent method which has^ lately come into Aogu** for 
small bearings is to cast the white metal into tin; shell wdiich has 
been previoasly tinned, and then drive through it a taper mandril, 
the larger end of which is exactly equal to the diametef of the shaft. 
By this means the metal i.s thoroughly compres.sed and bedded and 
an c.xcellent wearing surface produced. For the small cud of the 
couiiecting-rod it is usual to employ pho.sphor- bronze bt'arings, 
working in conjunction with a case-hai-dened .'^teel gudgeon -pin. 
For small engines this an.swers admirably, aiul* the.se* bearings in 
practice give little trouble and .show but little wcaj’ in spit'# of the 
enormous load.s and high temperatures to which they are subjected. 

Crankshaft. — The de.sign of the crankshaft does not call for , 
\'ery much comment. Formulae for (calculating the strength and 
.siz(s of every part of a ci’ankshaft aiv'to be found iif lu'arly eveuy 
textbook, but the actual dimeu.sions are generally fixed, not by the 
.strength reefuired, but by such (^onsid('rati(?ns as bearing surface and 
rigidfty. I’hat opinions difl'er v’ery widely on this subject can easily 
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be gleaned from tlie fact that difiereiit makers use crankshafts of 
which the diameters vary by as much as 40 per ('c.nt for engines 
of the same leading dimensions. For explosion engines it is jjer- 
fectly safe to reckon upon a maximum pressure of 700 lb. per squjire 
inch under any ('onditions, except that of a seized j)iston; but for 
I)i(‘sel-type engines, as has already been explained, much liigber 
prcssiures may have to be dealt with undei’ abnormal <'onditions. 
(Tcnerally speaking, if the crankshaft is large eiiougli in diameter 
to be flee from whip, and to provide? tint lu^aring surfae.e necessaiy, 
it will have more tlian sufiicient strengthi To provide adeipiate 
bearing surface the iirojected area of the erankpin should, as a 
general ]-ule, be at least 30 ])(‘r cent of the area of the piston for 
'a piston speed of 1000 ft. per minute, and, unless an unduly long 
erankpin be^ einjdoyed, the diameter of tlie pjn will be equal to 
nearly half that of the piston, which is cojisi(l(‘ral;ly greater than 
is needed to resist any bending stress which may (X'cur. J\luch, of 
course, must depend upon both the speed and the nu^thod of lubrica- 
tion, also u])on yh(?ther the bearings are well ventilated or situated 
in an enclosed crank-(*hamber. Iti the case of multijile-cylinder 
engines, it is advisabkb in order to avoid torsional vi] nations, to 
employ still lieavier ernnkshafts. Sijiec' crankshafts aic usually 
machiued from a flat slah of metal, the dejjth of the webs is gene- 
rally reduced to a minimum, in order to use the thinnest jtossiVde 
slab. This means that, t.o obtain the necessary stiffness, they have 
t(j be made somewhat wider than would otherwise be ni'cessaiy; 
this increases the distance W'tweeri the bearings, and therefore the 
bending moment. 

Connecting-l'od. —This does not call for mucii (tomim'iit. It 
is clearly important that the small or piston end of it .shall be kept 
as light as possible, for this is reeiju'oeating weight. It is usual in 
gaiS-engine j)ractice, and inde«‘d in all except jx'trol -engine ])ractice, 
to employ adju.stijble bearings for the gudgeon-pin end of the rod. 
Jt is very much opei,n to <jue.stion wh(‘.th'er this i)ractice. is de.sirable, 
except »in large engimis, for it involves a very considerable addition 
to the weight of the recijnocating parts, and th(^ adju.stnu'iit pio- 
vided is not of ‘very muc.h value in small engines, for, when once, 
the gudgdoii-pin has been' withdrawn, it is (juicker to dri\’(! out the 
bush and to fSt a pew one than to adju.st and .scra])c in the sjdit 
bearing. If the gudg('on-pin be of case-hardened mild steel, and the 
bush of hard ])hosphor-bi*onze, tlie amount of wear that takts place 
is exceedingly small. The connecting-rod itself is almost invaiiably 
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niacliined from a steel forging, tliougli in petrol engines it is now 
('Ustomary to use stampings in high tensile steel. From the point of 
view of weight and rigidity there is little doubt that the X section 
is the best; but, except in small rods that can be stamped, this 
s(‘ction is a very expensive one, since it can only be obtained by 
milling out from a rectangular forging. For this reason nearly all 
the connecting-rods in use in gas an<l oil engines arc circular in 
.se(*tion, this l)eing of course the least expensive form. In all types 
of intcuiial-combustion engir’it^s the bolts of th(i big-end bearings are 
always a sounil'. of weakness. Owing to fhe severe reversals of 
stn'ss a (‘.ertniu amount of deformation of the big-end bearing 
g(*,iiera]ly takes place.. and in eonsec|U(ince severe stress(is are tlii*own 
n])on the^ bolts; moreover, the ‘continual reversal of stres{;;'tends to 
( nuse the metal to crystallize and become brittle; foi* this r(‘ason it 
is geiKU-ally adx i^able to renew#, or, at li‘ast, to anm^al the big-end 
1)olts from time to time. In most of the best class of engin(‘S it is 
('ustomarv to forge tla* l)ig-end bearing cap in one pii^ce with the rod, 
and afterwards part it off thrdiigh the centre line. Tliis undoubtedly 
lediiees the tendency to deformation, and therefore the stresses on the 
lK)lts, but it is an cKpensive construc'tton. Another method frequently 
adopted is to use either stamped or cast-steel bearing caps, which is 
('citainly a, cheajx'r foi*m of constru(‘tion. Tlu* ordinary mariiie*type 
of bearing, though freijuently employc^d, has not been found to be 
altogether satisfac'tory, and there have been a gr(‘at many accidents 
due to broken big end bolts with this type of beai ing, which neces- 
sitates the use of very long bolts. For^tln* lining of the big-end 
l)earing ordinary white metal is now invariably employed, and has 
lH‘en found to lu*. entirely satisfactory, provided that it, is properly 
support(‘d by its shell and cannot break away or “How'’. During 
th(‘ last few vears the use of cast-steel connecting-rods has conic 
into vogue. 1"his ])ractice hails from America, and has much to 
re('omniend it on the grounds of low cost of manufactuj’c. As in tlio 
Case of stampings, ('ast-steel <M)nmH*ting-rods can^ be inade of I 
s(‘ction without incr(*asing the cost, and tliis section is tluTefore 
almost invariably (unployed. For high-class engines the use of cast 
ste(‘l is hardly to lu* rei'ommended, for although eTiormous strides 
have be(*n made in steel foundry work during the last fow y(*ars, 
this material is hardly yet as reliable iis forged or stiimpe’d stt‘el. 

Cylinder. — In all but the very smallest horizontal, and in 
nearly {«jl tlx^. larger sizes of vertifal engines, separate liners are 
employed in the (*ylinders. These lineis are made of a very hard 
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quality of cast iron, generally containing a large proportion of 
manganese, or, in some cases, steel scrap. They are, or should 
be, machined all over inside and out, and should be kept as thin 
as possible s(j that the teiuporature gradient tlnough the metal 
shall be reduced to a minimum. In horizontal engines it is usual 
to bolt the liner securely to the combustion head, leaving the other 
end free to 'expand longitudinally. The water joint .at the outer 
end is generally made by means of a rubber ring inserted in a 
groove turned round the outside of tfjc liner. The thickness of 
the rubber is such that it projects well alkove the tof) of the groove 
fjiitil it is compres.sed into jtosition in the cylinder-jacket easting. 
This arrangement is p^rfectl}' .satisfactory, and trouble fiom leakage 
between *the cylinder jacket and tile liner is almost entirely un- 
known. In A-ertical engim's it is usual to iperease th(“ thickness 
of the to^j fcAV inches of the liner <, and pniss it into the cylinder 
jacket, which is bored out to receive it. The bottom joint is almost^ 
invai'ialdy made water-tight by means of a rubber I’ing .as in hoii- 
zontal engines, but in a few ca.ses, as, for ex.ample, in the Large 
Carels-Diesel engine, the rubber ring is dispen.scal with and the 
liner made a good sliding lit in the jacket casting, 'leakage being ])re- 
A'ented by means of I’ed lead. The princijtal advantages in favour 
of the use of .separate liners .are:- 

1. The liner, being an extremely simple c.asting. can be made of 
a material which will ciN c a yood haid wearinir surface. 

2 . circiiljir in section, and of ]ii{u*iu*al]y unifojm tliickncss 
tlii’ougliout, it will not disfoit wlnni lieatod. 

3. Bcini^ .securely held at one end only it is iree to expand 
longitiidinalh' without anv restraint. 

4. In ca.se of weal* it (*an l>e rem^wed at a eoinjiaratively .small 
co.st. 

5. Being uiaehiiied all ovei* in.side and out, and heing of harder 

material, it can he made thinner tlian would lie th(‘ (!asc if it were 
made of tin? .sanje^ material a.> the cylinder jacket, for, since this 
latter is almo.st invariahly a somewhat complicated ca.sting, a metal 
miLSt be cho.sen which will flow fieely in tin* mould and will with- 
stand the .stre.!»se.s due to contiaction. Sueh a metal does not 
usually a good wearing sm lacie. 

Against these advantagev?; fhere is, liowever, one serious objection 
to the use of sejwate liners. Wlu'ther the liner be pre.s.sed into the 
cylinder-jackc^t casting fer bolted to the combustion h(‘adHhere is 
bound to be a great thickness of 'metal at the junction, and since 
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this is a point at which the temperatures are exceedingly high it 
is a most undesirable feature. It is not proposed to generalize any 
further upon mechanical details, because these must necessarily 
depend to a great extent upon the type and size^of engine, but 
the pn'ncipal mechanical features of eacli of the leading types of 
engine will be considered when dealing with them in detiiil. 
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BALANCING 

\ 

k 

One of the most inn)ortaiit considerations in the design of all 
reciprocating engines is th(' question of balance, and in the case 
’ of high-speed engines, or engines \yhicli are mounted ^on light 
structures, sucli as aeroplaiK's, motor-cars, aiid^ boats, good balance 
becomes a vital necessity. The kinds of vibintioiii are numerous, 
but, b]‘oadly speaking, they may be. elas,sifie(l under two heads:* 
(1), vibration due to tlie reaction of the impulses which tend to 
rotate the whole engine around its crankshaft, and (2), vibration 
due to changes in the position of the common centie of gravity 
of the reciprocating part.s. *' * 

Considering the fir.st cause, it is evident t-liaf the forces tending 
to rotate the engine around the crankshaft are preci.sely e(|ual tc 
those tending to rotate the crank.shaft itself, and are dependent 
upon the fluid and inertia prc.ssures within the cylinder. Jt is 
equally evident that if thc' number of cylinders were so multiplied 
that the turning moment were even throughout thc! whole cycle, 
there would be no vibration but merely a constant static j)re.ssurc 
equal to tlie torque of the engine. From this it is clear that re- 
actionary vibrations are dependent upon the turning moment, luit 
they are also dependent upon the ratio of the inertia of the engine 
to the magnitude of the torque variations. Thc heavier the engine 
and the .smaller, the tor(|ue variations thc lc.ss will be the vibration 
from this .wurce.f .Time, also, is an important element, for although 
thc forces tending to rotate the engine about the c.raukshaft may 
be the .same at all spe.e,ds, thc time during which they act is reduced 
w'ith increase of speed, and hence the actual di.splacement of the 
engine. Ls reduced. * 

From thti aboye considwations it is clear that reactionary vibia- 
tion is a function of the .speed, number of cylimh'.rs, iind weight of 
the engine, and is at a ftiaxirnum in the ca.se of single-cylinder, .slow- 
running, four-cycle engines, and at a minimum in the ca.se of high- 
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s])Cod nmltiple-cyliiidcr engines, especially of the two-cycle type, 
ill which the torque variations are much smaller. Since this cause 


of vibration is largely depenclent upon 
the fluid pressures within the cylinder 
it follows that it is also dependent 
u])()U the load of the engine (unless 
liit-and-miss governing be employed), 
and is at a minimum when the engine 
is running light. • ^ 

Th(* se(‘.ond ^ cause of * vibration, 
namely, tljat due to the displacement 
of the centre of gravit}» of th(‘. recipio- 
' -^^^ing ])aig.s, is the more serious of 
the two, because it iiKireases with the. 
s(|iiaie of the spevd and is eniSrely 
iride|)end(int of the load. Aloreover, 
in order to obtain a light and efficient 
engine, a ('omparatively high rota- 



tional speed is <lesirable. and it is of the utmost importance that the 
reci])ro(*ating ^larts Vhould. be as well ladanoed as possible; in other 


words, that the com- 
mon ('entr(‘ of gravity 
of all thi^ recipro(*atiiig 
|)arts should be sta- 
tionary or as nearly 
slationary as possible. 
Figs. 52, 53 show two 
arrangements of cyliii- 
dei s and (tranks that are 
( ommonly (unployed. 
h^ig. 52 is a single- 
cylinder engine eitluT 
v(“rtic*a] or liorizontal. 
With sucli an engine, 
running on the four- 
stroke (‘ycle, the reac- 
tionaiy vibivition is 
very serious, since there 
is only one impulse 
every fourtlj stioke. 



Fig. r»3 

('onsetjueutly the interval between the im- 


pulses iff very great and their magnitude in pr^oportion to the total 
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weight of the engine is also great. When running on the two- 
stroke cycle the reactionary vibration is not nearly so great, because 
the interval between the impulses is shorter and the weight of the 
engine gener?illy somewhat greater in proportion to their magnitude, 
but in cither cycle the reactionary vibrations arc at a maximum in 
Bingle-cylinder engines. Vibration dm* to the displacement of 
th*e centre of gi'avity of the reciprocating weights is also very 
serious. For the sake of simplicity, suppose that the centre of 
gravity of the reciprocating p^^rts l)e V'oincidcnt with the giidgeon- 
^pin of the piston, then the displac.emeilt of the centre of gravity 
in this case is equal to the displacement of the piston, and the', 
forces tending to cau'se vibration are equal to the inertia for(‘.(\s of 
th(' piston. 8uch an engine cannot be balanced as ivgards ihe 
reciprocating i)arts, though the rotating paits can be completely 
balanced by the addition of balance weights to* the (‘rank. 

Fig. 53. In this arrangement, since the two pistons are ccjn- 
nected to the same crank, the im])u],ses, in the t*as(‘ of a four-cycle 
engine, are (iqually distributed, and tln^ turning moment is the 
nmst uniform obtainable fiiaii tw(j cylinders. ( V)nse(]uently the 
rea(5tionai*y balance is the best (obtainable. Init the re(‘ipro(*ating 
balance is bad, becaus(', since the two jnstons reciproctate together, 
the dis])lacement of their coimiKon centi’e of gravity is th(' same 
as in a single-cylindei* engine. For a giv(m power of (Uigine the 
actual reciprocating balance is, how(^ver, ])etter than that of a 
single-C}'linder engine, because, other things being e(jual. the power 
varies as the square of the diameter of the ])iston, while the w(ught 
of the reciprocating parts varies nearly as the cube of the diameter. 
Since reactionary vibrations are at their maximum at low speeds, 
and leciprocating vilmitioiis at high s|)eeds. it is clear that this 
ariangement of cylinders and cranks is more suitable foi’ slow- 
running engines. 

"Idle arrangrumuit shown in fig. 54 is practicallx' the converse of 
tig. 53 as n^gardo balancing. In this arrangenumt, in tlie case of 
foui^^cycle engines, tx\o impulses follow one aiiothei- successively; 
ther(‘ is then an idle period during two str(A't.‘s, (tonsecpiently the 
turning moment is vei’x^ poor, for the permd of high torqiu^ extends 
over two str(»kes and the /lisplac.em(*nt of the whole mass of the 
engine is very g;eat. FioVn the point of view of reactionary balaiuic, 
this is probably the worst .possible ai-rangement. On the other 
hand, in so far as leciprocating balance is c.oncerhiMl, ‘it is fairly 
good. The two pisi,t(jns travel up and down in opposite jihase, 
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consequently the displacement of their common centre of gravity is 
only that due to the angularity of the connecting-rods. 

I’o appreciate thi.s, suppose that both cranks were at 90" to 
tlic dead centre, then one piston is travelling downwards and the 
othc'r upwards, but neither of them is at its mid-stroke position 
iniless the connecting-rods are infinitely long — the shorttu- the con- 
necting-rods the greater the distiince of the justons below mid-stroke. 
AVheu either piston is at the top of the stroke the common centre of 
gravity is at mid-stroke, and ^lidway between the two ; but when 



Fig. ri4 


the crank has been rotatc'd through 90° both pistons are Ix'vond the 
niid-positi<»n, and the coinnion centre of gravity has been displaced 
by an amount depending uj)on the ratio of the lengih of the con- 
necting-rod to the length of the crankthrow. If now the craidc be 
rotated through a further 90".. both justons arrive ht their dead 
centn's again, and the comnioii centre of gravitv retuiais to the mid- 
stroke ])()sitiori. This disjilfKTment of the (*entre of gravity, due to 
the auon]aTit.y of the coiiiieetiiig-rod, is not usually very serious, and 
is (h*.jH*iident upon the huigtli of tlie rod, bur, it occurs tA^ice. every 
levolution. Sucli vibrations are geneiiplly known as secondary or 
octave vibrations. * 

In addij^ion to tlu* octav(' vibratiojai there ^s'also an nnbalan('(‘d 
couple due to tlie distance apart* of the two cyliinlers, and this 
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produces serious A'ihratioiis in ti fore-niid-iift direction along the 
crankshaft. This couple can be mitigated to a certain extent, but 
not entirely eliminated, by fitting suitable balance weights to the 
crankwebs. ^Compared with figs. 52 and 53 this aiTangemcnt is far 
better balanced as regards the reciprocating parts, for the secondary 
vibrations and the couple produce disturbances that arc. compara- 
tively snndl. For four-cycle engines this is probably the be.st 
arrangement where high speeds are em])loyed, and in which the 
very imperfect reactionary balance i.s| not severely felt. For two- 

' cycle engines it ir e.xccllent. In 
this case the turning moment is as 
nnifoini as can be obtained with two 

I 

single-acting cylinders, for th(>re is 
an impulse at each strol^c. 

. In tills instjiiioe till' ])niiwuy 
(listurbinu forces aiv bnliiiiced, bnt 
tlie second, ‘iiy forc(\s ;vre' not, niid 
there* is also an unbal;in(*ed coujile. 

Th(‘ Jiiranui^nent sliown in 
55, in wliieli t\v(^> horizontal o 2 )pos('d 
four-(y<*le' e^dindins have their ])i.s- 
tons conn(‘(*t(‘d to (‘rank-jhns at 180'' 
to on(‘ anotlier. is th(' best jMissihlc 
.anangenient foi’ .a t \vo-(*ylindei* en- 
gine from the ])ointofview ofbalfinee. 
From the point of vi(*\\ of reiietion- 
ary bahance the eiiuine is eijual tf) 
Fig that shown in Fijii;. 5;>, and tliere is 

one iinj)uls(‘ during (aaeli revolution; 
cx)nse(.ju(mtly the intc*rv,al between the imj»u]s(‘s is ledueed to a 
minimum, .and the turning-moment is as regulai’ as is ohlainaldc 
from any Iwo-eylindej' four-cycle engiiKa From the jjoint of view of 
re(‘iprocating fialaiice the engine is perfect, for the position of the 
coiymon centre of gravity is always coincidcuit with the centre 
of the crankshaft, and undergoes no disj)lacement wliatever. Since 
botli ])istons’are travelling in the same phas(‘, .and not alternately, 
it follows that the eia-or due to the angul.arity of the conne(;ting-rods 
is dispose^^. of, fuid the (‘^ghie completely balamaal, both as rcgai’ds 
primary and secondary vibrations. 

The emjiloyment of a thPee-throw crankshaft, how(‘ver, is some- 
what expensive, and since the Crankwebs must maabssarily be very 
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stiff’ {ind heavy, it is difficult to provide an adequate amount of 
hearing surface on the crankpiiis. For this ri^ason engines of this 

type are generally constructed 

as shown in fig. 5G, in which 

only a two -throw crank is 
employed, and the cylinders 

placed slightly out of line " 

with one another. This con- 

strnctioii, of course, introd ucas ____ 

a slight couple, du(‘. to the ^ 

distance apart of the ('cntre !. 

lines of the two (*yliiiders; the 

magnitude of this couple is / 

veiy small compared with lig. 

and except i\\ the ('ase of 

•exc<‘j)tionally high-speed cu- 
gines, can generally Ix^ ig- 
nored. There is a gi-eat deal J - i 

to l)e said for the arraiigenuujt 
sliown in tig. oG for foui-cycle > 

‘f . , ni; 

(MigiiR'S, and eiigiiu^'is do not 

appear to a])preciate fully all tlie advantages to l)e gained hy it. 
Ac(airak‘ l)alanc(‘ is a feature of very gr(‘at im])ortanc(\ and will 
h(‘<'onie even more so, if, as the author (‘onfidently exi)ects, tlM‘ lota- 
tivt* sp(‘iMl of iiiter- 

nal-c.onil)ustion cn- >C nI 

gines is iiK'i-eased ill ^ ^ i X X 

tlKMiearfutiii'e. 1'lie ^ ^ 

])i‘iii(*ipaj olijcM'tions \ \N. / 

are: (L) That it is 

only [uacticahle in I / 

the case of hori- \ 

zontal engines; (2) • ' . ■ \ 

tli<‘ iMigiiK' is bulky ^ 

iiiid takes uj) a jtroat 

deal of floor spattc; ' 

(•f) the. coiidtiistioii tfig. r >7 * 

cliandjei-s ui'e a long 

Way apart, involving the necessity for length)' and somewhat eom- 
l>lieated ^)ipework, and making the iilspeetie.n ’and supervision of the 
valveii,and valv(‘ gear somewhat troublesome; (4) it is not applicable 
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to engines running on the two-stroke cycle, because in that case both 
pistons would necessarily be making their expansion strokes simul- 
taneously, and the advantage of a more even turning moment, one 
of the most valuable assets of a two-cycle engine, would be lost. 

In fig. 57 is shown an arrangement frer|uently adopted for 
motor-cycle engines, in which two cylinders are placed at an angle 
of 90*" to one another, and both pistons are connected to a single 
crankpin. This arrangement gives an irregular turning moment 
midway between figs. 53 and 54, hence the rea(‘tionary vibration is 
also midway between these two 'extreme cases. If sr itable balance 



Fig. 58 


weights are fitted, the primary reci])roc.ating balance is ]MTfect, and 
there would be no displacement of the centre of gravity if the two 
pistons travelled in true harmonic motion, that is to sfjy, if the 
two connecting-rods were infinitely long. There is, however, a 
slight displacement, due to the angularity of the (*.onnee.ting-rods, 
and therefore there will be octav(‘ or secondary vibrations depend- 
ing upon the length of connecting-rods employed. Sinc'C the two 
cylinders can both be arranged in the same plane at right angles 
to the crankshaft, there is no unbalanced couple along the shaft. 
CWipared with £)ther two-c.ylinder arrangements this is better than 
figs. 53 or 54, but inferior to figs. 55 or 50. 

For three-cylinder engines, whether two- or four-cycle, single- 
oi* double-acting, the arrangement shown in fig. 58 is invariably 
adopted. In this arraivgement^all three (cylinders are phined in a 
row along the (;rankshaft, and the three pistons are connected to 
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cranks equally spaced at 120'' to one another. By this means all 
primary and secondary forces are perfectly balanced, and the turning 
moment is as regular as can be obtained from three cylinders. Un- 
fortunately, however, there is a very large unbalanced couple along 
th(i crankshaft, which introduces serious vibration in a fore-and-aft 
direction, and can only bo minimized by placing the cylinders as 
close together as possible and, to some small extent, by the employ- 
ment of balance weights. But for this unbalanced couple, this form 
of three-c>'linder engine would he almost vibrationless, for there is 
no pj’imary orisecondary vibration,' and the reactionary balance is 
tlie best obtainable from any arrangcunent of three cylinders. 

For four cylinders operating on the four-stroke cycle the arrange- 
ment shown in tig. 59 is almost' invariably adopted, and siifce almost 



all automobile, and a wry large pro[)ortif)n of tin' marine and 
stationary engines, are nov/ built with four cylinders arranged in 
this manner, it is woi’tli while to consider it in some detail. The 
four cylinders are arrangt'd in a row along the (‘lankshafr, and 
th(‘ pistons are (ionnected to four crankthrows *at 180° to one 
another, that is to say, alUthe four cranks are ir/one plane. The 
two inside craidvs are tog(‘ther, and form in effect one crankpin, 
and the two outside ('ranks are also, of (course, together. From the 
point of view of reac'.tionary balance the viriangement is .the best 
[)Ossible, for the impulses arc e(jually spaced, and th^(‘r(‘ arc two 
during eveny revolution. * 

The ivholi^ ejigine should be regarded as/t^^o engines of the typci 
showr^ in fig. 54, cou])]ed together in such a manner that the two 
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impulses of one engine occur during the two idle strokes of the 
other; the two unbalanced couples tending to rock each component 
half of the engine in opposite directions are opposed, so that they 
exert a bending strain upon the structure of tin* complete engine, 
but do not tend to jDioduce any external movement. Mr. Lan- 
chester very aptly christens engines such as these, in which the 
unbalanced couples of the two component parts neutralize one an- 
other, ‘‘ looking-glass engines. 

Since,! the two inside and the 
two outside pistons reciprocate alter- 
nately, it follows that the primary 
forces are balanced, and there is no 
primary vibration. There is, how- 
• ever, an octa\ e or secondary vibra- 
tion, and this assumes very large 
2 )roportions, foi*, since all four cranks 
arc in one plane, it follows that at 
about mid-stroke all four pistons are 
simultaneously dis])laced to a j)oint 
beyond the midstroke position. The 
amount of tliifs dis^placeniont depends, 
of course, upon the relative length 
of the eonne(*tiiig-rods. 

Keferring to fig. GO, the mid- 
— stroke dis])laceni(‘nt of the pistons 
due to the angularity of the connect- 
ing-rods is represented at a, and a 
is approximately e(|ual to the (;rank- 
throw Mjuared, divided by twice the 
length of the connecting-rod. Sup- 
pose, that in an engine of 2-ft. stroke the connecting-rod were 
only 4 ft. long, then the latio of length of connecting-rod to crank- 
throw would be As 4:1, and the disidacement a would })e 

• i. I ^ . 

f 1“ -h 8 ■ = y ft., or -|*,ith of the [aston’s stroke 

Thus the anipljtude of the sec.ondajy vibration is erjual to one- 
sixt(‘enth of the stroke. ^Now, since th(‘ foicc* is proportional to the 
sejuare ’of the speed, and the secondaiy vil)iations occ.ur twice as 
rapidly as the pitimary, it* fVdlows that the maximum disturbing 
for(j(* when compared primary force is 

2* X iV •= U'l- 
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That is to say, the disturbance created by the secondary vibrations 
is equal to one-fourth of that created by the primary vibrations 
in a single-cylinder engine, in which the length of the connecting- 
rod is equal to twice the stroke. 

Now it has already been shown that in a four-cylinder engine 
of this type the secondary displacement of all four pistons occurs 
simultaneously, so that the total secondary disturbance must be 
multiplied by four and is equal to 

i V: 4 = unity. 

In other words, the secondary vibration .in an engine of this type, 
and with this ratio of connecting-rod length, is exactly equal to 
the primary vi})ration in a single-cylinder engine, but the; external 
vibration is not so great, because the weight of a four-cylinder 
engine is necessarily^ nearly foqr tilings as great as that of a single- 
•cylinder engine of the same cylinder dimensions. The length of 
(*oiinecting-rod takem in this instance is, of course, (jonsiderably 
shorter than would be used in any well-d(\signed engine, but it 
serves to illustrate how serious secondary vibrations may become, 
and how importajit it is to employ as long a connecting-rod as 
])ossible. iTecause 'all VOuples and all primary forces are balanced, 
and the turning monient is extremely goo<l, it is popularly supposed 
that the l)alanc(^ of (Uigines of this ty[)e is [)arti(*ularly good. How 
gi-eat is the magnitude of the unbalanced secondary disturbances, 
and how inquu-taiit an inlluence the length of the connecting-rod 
has in this ])articular (jase are not generally ap])r(‘(*iat(‘d. 

Balance of Four-cylinder Two-stroke Engines. For 

four-cylinder engines of the two-cycle type, cither of tjie arrangc- 
iiients shown in figs. G1 and 62 may be adopted. The former 
anaimcmcnt is wnerallv the most convenient. In this, all four 
cylinders nre plfieed in a row along the crankshaft, and the pistons 
eonneeted to cranks at 90". Kac.h end pair of cranks are at 180° 
to one unothev, hut the two middle cranks ai% at 90". Tin* 
engine is in etfeet two unils of the tig. 54 type *. coupled together, 
with their crankshafts at 90° in.stead of 180". It is thus not a 
“ looking - glass ” engine, and tin* couples of tlie two coiupoiient 
parts are; out of phase, and do not eujupletely iieutrajize one 
another. The turning moment is, of .course, extremely^regular, for 
there arc four equally spaced imjudses per reVolutioii, so that 
reac.tioiiajy l^ihince is reduced to a* miiiiu'^ihi. The primary dis- 
turhiiyr foreies are, of cour.se, bahtnccd. and the secondary also, but 
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in this ea'^e there is a couple due to the midstroke displacement 
of the pistons occurring alternately in eacli pair of cylinders. Com- 
pared with fig. 58, liovvevej*, the vilmition from tliis source is trifling. 
A\ith this arrang(‘ment, balance weiglits sliould be used to com- 



FiR. 61 


pletely balance the rotating jDarts, and mitigate as far as pf>ssible 
the unbalarKjed couples. * • , 

The arrangement shown in fig. G2 is in many ways preferal)lc to 
that sliown in fig. 01, but there are a great numb(n* of purposes for 
which inclined cylinders are unsuitable on account of the width and 




iiuu'cessibility of the engine. In this ariangenKuit, two pairs of 
cylinders are airanged lit, 90'’ to one another, the opposite pistons 
of each pair /being coupled t(> the same crankpin, and the two cranks 
j)laced at ISO'" to eacdi other. In so far as reactionary balance is 
concerned, then* is notlfing to choose; b(*tween tin; two types, both 
are as good as it is possible to obtain from four cylinders.. This 
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however applies only to the case of the two-cycle engine. The 
primary disturbing forces are completely balanced, and it is also 
])ossible coraph^tely to balance the couple along the crank, except 
foi- a very slight error due to sec-ondary disturbances, for in this 
jjarticular case the unl)alaneed eomjjonents of the couple can l)e 
not only minimized, but almost completely neutralized, by the 
addition of balance weights to the crankshaft. The reason foi» this 
is that in a V-type engine at 90” the locus of the common centre 
of gravity of any two opp'osite ])jstous is ,an almost circular path, 
cotisecpienlly *the (touple is rotating, not reciprocating, and can 
therefore be neutralized by means of rotating balance weights. 

Fig. (;2. The general reciprocating balance obtainejd by this 




arrang(‘ment is very good, but it can, of course, only be used to 
advantage for t wo-cycle engines, .since ’tbe impulses would not be 
eipially .spaced if the cylinders operated on the four-.strokc 
cych'. 

Balance of Six-cylinder Engines. — For * six-cylintler 
engines, the ariangenu'iit shown in fig. (J.'l is almo.st invariably cm- 
}>loy<'d. In this, the six cylinders ai<' arranged in a row along the 
erank.shaft, and the pistons connected to cranks at I'JO to o<ie 
another. Jt cousi.sts, in otleet, of two tlirt'c-cylimhii' engines couj)led 
together, and, as in the f(i*ii-cylin(h'r ai'rangem«i;4, fig. < 69 , the two 
central jh.stons are connected to a common erank])in. TlJO two 
intermediate and the two outside jn.stons also reciprocate together. 
It i.s another e.xam])le of a ‘■looking-glass” engine, in which the 
reciprocating couples of tin* two three-cylinder units are (►pposed to 
one another, .so that they tend to bend the engiiii* aboi?t the central 
point, but not to cause any displact;ment of.the whole mass. The 
turning'moifient and the reaetio.narv balance' are the be.st po.s.sible 
for ttlis number of cylinders. Both the yrimary and secondary 
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disturbing forces are ])alanced, as in the three-cylinder engine, and 
at the same time the one great defect of that type, namely, the 
large unbalanced couple, is eliminated. It would appear, therefore, 
tliat the l)aIanV.e obtained by this arrangement should be almost 
j)erfect, and that the engine should be capable of running at any 
speed without vibration. Tliere are, howevei’, other causes affecting 
the •vibration of an engine which will be dealt wdth shortly, and 
wln(*h have a particularly deleterious effect upon six - cylinder 
engines. , ^ 

Eight -cylinder “V” Motors. — Eight - cylinder four-cycle 
V-type engines have recently been extensively employed in conru'c- 
tion with .aeroplanes, and th(' arrangement usually adopted is shown 
in fig. G4. * In this, two sets of four cylinders are arrangc^l at 1)0® 




to one another, and the pistons connected to a four-throw* (*i-ank- 
shaft, with all cranks in one plane, tl]e two o])positc pairs of pistons 
l)eing connected to the stp'ne crankpiii. \\y this m(*ans a regular 
turning moment is olitained. and the im])uls(‘s ai(^ equally S])aced, 
there being four jjcr le volution. The primaiy balane.(‘ is p(‘rf(ict, 
but, as in the four-evlinder vertical engines, the secondai-v disturbing 
forces are cuninlfitive. and may be represented I»y tlie lioiizontal 
diaeona] of a si | ware in whieli the components of the disturbin^: forces 
of tlu! two sets of cylinders are representeil by two of the inclined 
sides. The toti«l secondary disturbin<>; force is therefore eipaal to 

4 X ^2 = 5-65; 

i 

that is, 5 4)5 tiimes the secondary ilisturbing forces ot a single- 
cylinder, engine. In other words, the se-condary vibrations in 
enj^ines' of this type are 41 per cent worse than in a four-eylinder 
vertical e.nerino, aftid the need for long connecting-rods to reduce 
the niiignitude of then, e^ secondary disturbing forces is clearly very 
gieat. • 
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DOUBLE-PISTON 'ENGINES— SYNCHRONOUS 

. VIBRAtlON 

• • 

Double-piston < Hng^ines. — In eulilition to tlie arraugemoiits 
■ilrcad}' considered, tliere is alwj another class in which two pistons 
arc employed in oijo cylinder, the principal object being: (l) to 
obviate the use of a coinbuistiou clianil)er, always a source of 
' \veakne,,ss, especially in very large engines; (2) to obtain a better 
balance than is possible with one piston oidy; (3) to reduce the 
weight of the engine by relieving the framework /roni stress. 

In the ari'angeuient shown in iig. (15 the eylinder is in the folTii 
of a jilain, opcn'-ende.d tube, and' is provided with two pistons 
which re.cipr(»eate * in opposite directions, and are connected to 
cranks at 180" to one another, the outer jiiston being connected by 
means *of long return rods. In this arrangement the reactionary 
balance is, of course, e.vactly the same as in a single-cylinder single- 
piston engine, for this depends upon the* number :ind spacing of the 
impulses per revolution, and is uilatt'ccteif by the number or relative 
motion of the pistons. In so fai- as reciprocating balance is con- 
cerned, since the pistons are travelling in opposite' jihase, it follows, 
as in the arrangement shown in lig. .05, that all primary disturbing 
forces are balanced, but tlie sccomlary forces arc in this case un- 
Imlanced and cumulative. The recijtrocating weight, however, .is 
vt'iy great, and this, as has already been shown, |ms a most detri- 
mental indiKUice on the mechanical efficiency. , * , 

The, ari-a.ngement shown in fig. (JG is employtd in tlu' K'jllagar 
engine, a two-cycle engine which the author believes has consider- 
able promise of success, in that it contains many of the advantages 
and eliminates sonu* of the disadvantages of the last-irtentioned 
type. In this engine two o]tcn-ended •cylinders^ are arranged side 
by side, and each contains two pist^ms coujiled in pairs by means of 
diagonal* tie-»iods as shown. Tin* tw(» lowftr pistons are cohnected 
directly to a two-throw crankshaft with cranks at 180°. By this 
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nieans the two sets of pistons converge alternately, and there is one 
impulse at each sti’oke, or two per revolution, so that the turning 
moment and reactionary balance are the best obtainable from the 
number of cylinders. All primary forces are completely bahineed 
and then* is no unbalaiK'cd couple, for the couple due to the upper 



• • • y'v* VtT} t 

pair of ])istons i.s neutralized by that due to the lowcj’. Tin*- 
sec'ondaiy fr)ree:s, howcNcu-, are unbalanced, and are cumulative as in 
the four^cyliiuha- arrangennuit fig. at), foi-, when the two cianks are 
in a ljoiiz()V^tal plane, all four jnstons are simultan(*.ously disjdaced 
below the midstroke ])osition. The halancc^ of this engine is in 
evei-y Way identical wit*li that ^>f a foui‘-cyliiider four*cycl»c (Migim\ 
The unbalanced secondary foives can b(* count(;rac.t(‘d by tho addi- 
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tion of a second pair of cylin- 
ders with cranks at 90° to tlie 
first, but in tin’s case there 
still remains a small secondary 
coii[)le. To eliminate octavui 
disturl)an(*cs entirely it would 
he ne(*i‘ssaiy to add twf) more 
])airs of cylindei’s and make a 
looking-o;]ass” engine of it.’ 

The arrang(‘Anmt showp in 
fig. 07 is sometimes employed. 
WithoiU going into d,etails it 
evident^ that tlie i-eactionary 
balance* is the* same ^as in an 
ordinaiy siiiglc-pv^ton engine, 
find thaj tlie r(‘cipro(*ating 
balan(*(‘ is ])orfcct both as re- 
gai'ds jn'imary and secondary 
disturbing foives. 

Idle arraygeme^it shown in 
fi<*. 08 is becoming viuy jiojadar 
for two-cych* cngim's on the 
grounds \)f the ex(*ellent facili- 
ties it affords for s(*av(mging. 
Its balance, however, is its 
W(*akest feature. In so far as 
i-eactionary 'halance is con- 
cernial it is the same as a 
si 1 1 gl e - cy 1 i n d r si 1 1 gl e - [ n st <ni 



Fig. ori 



Fig. 07 
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engine, but, as in the arrange- 
ment shown in tig. 53, all 
primary forces are entirely 
unbalanced, and to obtain 
anything approaching a re- 
ciprocating balance the two 
cylinder units must be 
treated as single cylinders 
‘and grouped in some such 
manner as aTready indicated. 

The arrangement shown 
in fig.' fiy has been adopted 
by the author for v,>na,l] two- 
cy(*le engines, in which the 
two upper* pistons form the 
power pistons and tlie lower 
^ om* is used as a supplemen- 
taiy scavenge pump, as de- 
scribed in the volume dealing 
with two-ey(*le engines. Tn this 
arrangement the ixnu'tionary 
l)alan(*e is the same as in a 
single-(‘ylinder single-t’)iston en- 
gine, l)ut a perfect reei})i()eating 
l)alanee, both ])rimary and se- 
condaiv, is ol)tained as in the 
two-cylinder airangement fig. 
55, provided, of course, tliat 
the weights of the reciprocating 
parts and tlie ratio of tlie con- 
ne(*.ting-rod length to crank- 
tlirow are the same in all cases. 

. Engines employing 
Reverse Rotation. — Some 
designers have from time to 
time made attempts completely 
to l)alancij the re.ac.tionary forces 
by the employment of two 
crankslnafts rotating in opposite 
directions, so that th6 reactions 
around the two shafts are equal 
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and opposite and exert stresses upon the structure but no displace- 
ment of the whole mass. Since, however, with modern high-speed 
engines, reactionary vibrations are of secondary importance compared 
to those set up by the reciprocating masses, the advantage's to be gained 
by eliminating them do not secmi great enough to justify the compli- 
cation, weight, and expense of cmph»ying two crankshafts with two 
fly-wheels and the mechaiik'al difficulties of gearing th(‘hi together. 
Two interesting and, for a time, veiy successful engines have, how 
ever, been constructed on tin's ])rinciple. 

The arrangeihent showji in fig. '/O is em- 
ployed in the Lucias engine, which opeiatej^ on 
the two-stroke cycle.^ In this engine two. 
pi'-^tons arj^^ employed in a single inverted U- 
tv])e cylinder, and eac|i is connected to a*sepa- 
rate crankshaft. -The two shafts are geared 
fog(‘ther jn such manner that the pistons 
j-eciprocate synchronously. By this means it 
is (*l(‘ar that all rea(*tionarv rlisturhances are 
avoided. Alsu, by this method the primary 
disturbing forces (‘ftn lie balanced by Ineans of' 
l)alan(*e weights atta(‘lied to each crankshaft, 
for, nderring to tig. 7i, it will be seen that 
the cominon cent it* of gravity of the two 
halanc(‘ weights traA ols up and down in a ver- 
tical plane midway between the two cylinders, 
and so balam-es the common centra of gravitv 
of the two pistons; the secondary disturbing 
forces arc not, however, eliminated, and, as in the awangement 
sliown in fig. ol), are cumulative. This engine, therefore, is j^erfeetly 
lialanced in all respects (‘xc(‘pt as regards the sec'ondary disturhing 
foivvs, whieh, l)(‘ing cumulative^ are rather serious. 

Th(‘ arrangement shown at fig. 72 is the Lan^diester engine, 
which claims the distinction p)f being probably thy ynly e|)mplctely 
halaiu'ed reciprocating engine ever built. In this Vngiiie two iiori- 
/.ontal 0])posed cylinders are employed, and the two pistons are each 
connected to two (*rankshafts as shown. These t\fo (*rankshafts 
revolve in opposite directions, and the two pistons in oppositt* phase, 
('onscMjuently all i*eactionary, primary* «nd secondary vlisturhing 
forces are elirninat(*d, and a mathematically perfect f)alancc obtained. 
This (mgiilc was imiployed on the well-knowji^I^anchester motdl-cars 
for sewral \'ears, but was ultimatelv al)audoned on the gronn*ls 

m/ ^ y ^ O 
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cylinder engines. In this case the complete engine consists of two 
three-cylinder units, coupled together in such a manner that the 
two couples oppose one another and tend to bend the structure of 
the engine about the middle point, but do not tend to cause any 
displacement of the structure as a whole. Now, it is a comparatively 
simple matter to design the bed-phite and base chamber of a six- 
cylinder engine of sucdi strength that there is little to fear from 
actual striKttural failure; the real dithculty arises when the natural 
vibration due to the elasticity of the structure coincides with the 
]iinning speed, or Avith the period of any disturbances associated 
with the functioning of the engine. Thus, any natural vibration* 
jjcriod in the engine structure may pick up the main piston p(*riod 
or the secondary p(n-iod, or in swiie cases, the impulse peyiod may 
be the exciting cause, so that synchroidzation may tak(? place at 
several different running speeds, of the engine. 

• At the times when synchronization occurs the amplitude of the 
vibrations is, of (*ourse, very greatly increased, and the whole engine 
will vibrate excessively. TheAe synchronous speeds at which exces- 
.sive vibration occurs arc generally known as “threshing points” or 
‘‘periods”, and extend usually f)ver a very narrow range of speed. 
I'hat is to say, if the' speed of the engine be increased or decreased by 
a comparatively small amount the threshing point will be avoided, 
and the. engine will run Avithout vibration. Periodic vibrations 
or threshing points can only be obviated by so stiffening the bed- 
j)late .'ind ba.^^e i'hainber of the (‘iigine that the first synchronous 
.s])eed does not occur until the engine is rtinning at a higher speed 
than it is ever intended to do under normal conditions. To do 
tills, in the case of high-speed six-cylinder engines, ^ecejr^itates the 
Use of very deep and heavy base chambers. In the author’s 
o[)iiii()n, it would he advisable so to design the eylinders of all six- 
cylinder (Migines that they can be bolted together to form one solid 
Mock, find thus greatly add to the stiffness of the entire structure. 
Such an ariangcmimt Avould fidd to the difliculty 0/ remoAdng any 
hut the outside cylinders, but this difficulty is -not insuperable. 
In many motor-car (‘iigines of the six-cylinder type it is customary 
to east the cylinders in two groups of threi*, fin arrangement Avhicli 
lias nothing to recommend it from the poitit of aucav of rigidity. 
k(‘riodi('. vibrations of this kind are liflliV to oeeur in ‘dl engines 
nl the “looking-glass” type, in AAdiieh the unhahinced couples of 
the two ott more comjioiient parts are' o])posuir to one aiiothe/, but 
they jiarticularly noticeable in "the case of six-(*yliiider engines. 
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in which the magnitude of the couples is very much greater than 
in other arrangements. 

There is also a further source of periodic vibration, due to the 
torsional elasticity of the crankshaft, and this is particularly notice- 
able in long-stroke engines. In any multi-eyliiider engine, the 
fly-wheel may be a.ssuiiied to rotate at a uniform angular velocity, 
but the civukshaft, at the end farthe.st from the fly-wheel, is to 
some extent “ wound up ” during the impulse stroke, and suddenly 
released at the cud of it. Thus it wijl tend to fly back to beyond 
its original position, rtnd continue in a state of viJ)ratiou until the 
•next impulse. At certain definite speeds tlic impulses will syn- 
chronize with the periodicity of the crankshaft, or some function of 
it, and the amplitude' of tlie A'ibrations will greatly increased in 
consequence. Vibrations .set u}) in the crankshaft are nbt entirely 
self-contained, but are tran.smitted to the structure of the eimiiie 
through the pistons and connecting-rods. This .source of vibration 
cannot be overcome by increa.sing the stitt’ne.ss of the tu'ankshaft 
without a very .serious addition of x.eight and fiiction. 

, Lanchester 'Vibration Damper. — To obviate this source 
of vibration, .Mr. F. TV. Laiichpster has recently j»atculed a most in- 
genious device, known as a vibration danqier, who.se hniction it is 
to (lump out the torsional vibrations in the crank.shal't. This device, 
illustrated in fig. 73, compri.scs a .small fly-wheel, mounted on the. 
crank.shaft at tin* end oiqio.site to the main fly-wheel. It is, how- 
ever. not rigidly attached to the .shaft, but is mountc'd on laairings, 
.so that it can rotate iudepeudei.ttly of it. Driving coniuMition be- 
tween the shaft and the fly-wheel is maintained b\' nu*ans of a 
friction clyteh pf the multiple -disk tyjic. The whole damper re- 
volves with the crank.shaft, but tbe fly-wheel portion of it has 
sufficient inertia to maintain a uniform angular velocity, and any 
sudden change in the angular velfM-ity of the shaft, due to 
torsional elasticity, involves slipping of the friction (dutch again.st 
a considerable •resistance. 'Phis ha.s the effect of rendering the 
ci-ankshaft deab-beat. It does not ]')revent the crank.shaft from 
“ winding up ”, but it does prevent it from vibrating when re- 
leased. So far as the author is aware, the Lanche.ster vibration 
damper, is only used pn motor-car engines, but tbere .seems no 
rea.soii wb^' it should not la; om ployed with advantage on all engines 
in whi(di a long f;rankshaft is used. The weight of the damper fly- 
wheel. is trifling, as al.%o its diannitcr, for comjjaratively little inertia 
is required to check the torsional vibrations of the crankshaft. 
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These periodic vibrations, due to lack of rigidity in the structure 
of the engine and crankshaft, are of little consequence in engines 
of less than six cylinders, but in this type they beciome very serious 
indeed, so much so, in fact, that many six-cylinder engines set uj) 
at certain speeds vibrations which are far worse tlian any produced 
by a four-cylinder engine. It is impossible to tabulate all the 
diderent arjaugements d(‘scribed above in order of balance, for so 



niucli depends u})on such hictors as eoniieetiiig-rod length and 
rigidity, but the following table summarizes the conclusions arrived 
at. 

By way of (^om[)ari.s()ti, it may be stated broadly that unbalanced' 
seeondai-y forces produce disturbances whose intensity is generallv 
about one-sixth as great as Imbalanced primary fbrbes. 'No com- 
parison is given as to rigidity, but this must depend both upon 
tlu! length of the crankshaft and upon the couples which are 
f>l)posed. Broadly sjx'aking, the shorter tlje crankshaft the less 
Ihe danger of periodic vibrations or threshing [)oints. 
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BALANCING— SUMMARY OF TYPES 


I 


No. of ?"ig. 
Denoting 
Airangcinciit. 

Reactionary IMs- 
turbiiig Forces, 
llatio of Tot.'il 
Niunbei of Strokes 
to Iinpulse Stroke's. 

Primary 

IMstiirhiiig 

Force.s 

ryj (foiir-cycl(‘ 

;VJ (two- cycle*' 

03 (four-cycle) 

in 

'SO 

SO 1 

unbalanced 

unbalanci‘d 

unbalanced 

(cuiiiulaliv(‘) 

54 (four-cycle) 

irre^nilqr 

ba[.inced [ 

54 (two-cycle) 

I'O 

balanced j 

' 55 (four-cycle) 

•J'O 

balanced 

5ti (foui -cycle) 
57 (four-cycle) 

i»()* 

irre.yular 

balanccfi 

balanced 

5S (four-cycle) 

J-5 

balanced 

1 

5S (two-cycle) 

O'OO 

b, danced 

55 (four-cycle) 

10 

balanced j 

(il (two-cycle) 

()'5 

balanced 

, 02 (two-cycle) 

* 0-5 

balanced 

> 1 

03 (four-cycle) 

Uf.6 

bj«.lance<l 

04 (four-cycle) 

0-5 

balanced j 

05 (four-cycle) j 

4*0 

(per cylinder) 

1 balanced | 

, 65 (two-cycle) [ 
(iO (two-cycle) | 

•J'O 

(jier cylinder) 
I'O (]»er unit nf 
two evlinder*''/ 

1 balanced J 
i| balanced { 

07 (four-cycle) { 

• OS (two-cycle) 

4-0 

(per cylinder) 
J'O (per unit) 

j- balanced 
unbalanced 

05 (two-cyck') [ 

I'O 

(per cylinde.) 

balanced 

• 70 (tv\o-<-ycle) 

none 

balanceil [ 

1 

! 72 (four-cycle) 

I 

none 

balanced 


Secondary 
J >istiirl)ing 
Foi ces. 


unlnilanctMl 

nnba]aiu‘(‘(l 

(cnijiulativf) 
iiuliaIaTU‘('() 
(ciiiii Illative) 
nubalanee'l 
(cunmlative) 

l>alan(T‘(l ! 


balanced 

iinl)alanc(‘(l 

biilancfd j 
balanced ^ 


unbalanct‘d 

(cuiniilatne) 

balanced 

uiibaiaticed 


Disturbing Force* 
due to (Jonjile. 


none. 

none. 

I none. 

I unbalanced. 

J imbalanced. 

none (perfect balaiat' 
of mass). 

ver\ small. 

K'one. 

unbalanced (very 
larj^e). 

unbalanced (very 
lar^e). 

I none 

sinal 1 secf )n d-i ry couple, 
none. 


1 T 1 f* none (rierfect balance 
ofn.'ss). 

nul.ala.K,r.< | 

(cumnlatixe) J 
unbalanced i ,,,, 

(cumulativ(‘) / '* 

iii.lmlam-c.l | 

(cnimilatiNc) / 
unbalanced I 

(cuniulalive) / 

i , 1 I none (piTfecl balance 

1 otiiuiss). 

unbalanci‘d hoik*. 

, , if IK me (perfect balance 

ii of mass). 

UMl.alai.cc.l ) 

(cunnilatixe) j 

, , 1 ( none (jK-rfect balance 

1.1 .imtf . iiia.ss and torque). 



CHAPTER XVII 


TWO-CYCLE ENGINES— GENERAL 
. CONSIDERATIONS 

The fundamental principles of the two- and four-stroke cycles 
liave been dealt with in the first chajtter of this volume. Both 
systems Ifave very clearly marked advantages and disadvantages, 
but it would be rash to attempt to prophesy which will ultimately 
triumph; much, of coui'se, depends upon the purpose for which the 
engine is ie(juircd, and upon the heat-cycle which is employed. 

Before com])aring the two systems it will be best in the first 
place to discuss the various forms of two-cycle engine, 'of which there 
ai'c a great variety, 

In all two-(‘ycle' engines the last 20 per cent of the expansion 
strok(‘ and the first 20 per cent of the compression stroke arc 
devoted lo the process of expelling the products of combustion and 
introducing the fresh charge, either of pure air or of combustible 
mixture. In other words, the two idle, or pumping, strokes in the 
four-cy(;le engine are done away with, at the expense of a small 
pi'oportion of the expansion and compression strokes. To efl'ect 
this, ports are arranged in the cylinder wall, which are, uncovered 
by the piston towards the end of its stroke, and through which 
the [U'oducts of combustion are allowed to e.scapc, until the pre.ssure 
within the cylinder has dropped to nearly atmospheric. Then, 
either a .second series of ports, or a valve, is opened, and a charge 
of air, or in .some cases combustible mixture, is introduced, gener- 
ally by means of sepainte 'pumps. This charge 'drive's out the 
lemainder of the products of combustion and replaces them in 
th(! cylinder. It is in the method of supplying and introducing 
this scavenging charge that so great a variety exists. In the case 
of large engines, separate pumps are nlmost invariably employed, 
driven from the crankshaft of the engine, and eithcf timei! to deliver 
their charge ^Yhile the exhaust ports^are un<j(j\^ered, or arranged to 
immpjnto a receiver, vvliich in ttfi’ii discharges into the cylinder at 

'til. I 209 , * 14- 
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tlic correct moment. In the case of smaller engines it is a common 
blit ol)jectionable practice to enclo.se the crankcase completely, and 
make u.se of the pressure creatiul therein by the outward stroke of 
the piston for .scavenging. This system, though largely employed, 
has very little to recommend it, for reasons that w'ill be dealt with 
lat»‘r. 

From the pumps the charge i-ntm-s the cylinder, either through 
valves arranged as far away as jiossible from the exhaust ports, or 
through a second series of ports on thciside of the cylinder opjiosite 




to the exhaust. In the latter ca.se, in .ordei- to jirevcnt the charge 
from passing straight across the cylinder and out through the exhaust 
ports, it is usual to provide a deHector on the head of the piston, 
the function of which is to deflect the .fresh charge ujiwards towards 
the head of the ‘cy linder. 

It will i-eadily be seen that the suc(;css oi- otherwise of the 
two-cycle engine depends in a very lai'ge measure upon the eflicicney 
of the scavenging, and ,the greatest care must be exercised in the 
design' of all the scavenging arrangements to ensure that the 
maximum quantity of exhaust ga.ses is expelled with the minimum 
loss of air. All the rfii; emplojted has to lx; pumi)etl to a pressun* in 
excess of the residual pressure of the exhaust ga.ses, an operation 
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wliich may involve the expenditure of a considerable amount of 
power, and obviously any escape of air through the exhaust ports 
involves the pumping of a larger quantity to make up tlic deficit. 
WJieu the scavenging is efiected by means of combustible mixture, 
as is sometimes the case, any ]os.s through the exhaust *i)orts becomes 
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far more sciious, for It is evident that any combustible m’ixture that 
,<‘sca])es is a dead loss. In the best modern t\vo-ey(;le engines, fnjm 
(iO to 8rt ])(!!• cent of tlie exhaust ga.ses is generally expelled with 
an ex])onditure of fiom 5 pei^cent to 9 j)cr cent of the power of tlu' 
eimine. In some eases better re.^ults have been* obtained, but 
geii(M\*ilJy at tlig oxpoiise 
of (‘oijsidei'jriile (‘()iik[)li(*ation 
and liiL*!! initial (*ost. I"igs. 

74 show diagram- 

lujitii'ally some of the 
ey]iiid(n- (h'signs commonly 
adopti'd for scavengijig. 

Scavenging Systems. 

— It will he well, before 
])rucoeding further, to con- 
sider these different systems, 
in detnil. In lig. 7 ■\a the 
.same [liston uncovers both 
the inlet- and exhaust ])orts, 
and short - circuiting is 
prev(uit(‘.d, or at all events 
impeded, by means of the dedeetor on the head of flic piston. As 
the piston descends on the expansion stixjkc it uncovers, Jirst, the 
exliaust ports and then the inlet j)ort«. Now it is evident that the 
exhaust ports must be o[)eued considerably l)efo#e the. ^nlet ports, 
in order, that, a sufficient quantity of exhau^it* gases may ha\e time 
to escape, and th(‘ pressuiv in the cylinder be reduced to something 
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below that supplied to the inlet ports; otherwise, instead of fresh 
air entering the cylinder, exhaust gases will pass back through 
the inlet ports, and foul the fresh charge before its entry. This 
means that either the exhaust ports must open so early as to lose 
a considerable portion of the expansion stroke, with consequent 
loss of efficiency, or the inlet ports must be very much restricted, 
so that a higher pressure is required to introduce the fresh charge. 
This latter, however, seriously increases the power absorbed in 
pumping, and limits the sjjced. Moieovei-. since both series of 
ports are on practically’ the same level, they must cir-h be less than 


half the circumference of the 
cylinder in width; in practice, 

• very much less, for the walls 
of tlie evlinder cannot 1)6 cut 
, away indiscripiinatcly. Again, 
on the upward stroke of tlie» 
piston the inlet ports are 
cfosed considerably before the 
(‘xhaust, and cojiscfjuently a 
^ portion of the fresh charge is 
ex|)c‘ll(‘d through the latter, 
though this piTibably does not 
aniount to very much. The 
system in its simplest form, 
though widely (‘inployi’d, is 
not a, satisfactory one, the 
main objections being (T) in- 
sutricient ])ort acea. with consecpient increas(.‘d pumping losses; 
(2) exhaust open^ too eaily, and a considerable proportion of the 
energy in th(' expanding gases is wasted; (^5) too huge a proportion 
of the cylinder wall is cut away in one plane, thus weakening the 
cylinder and causing unequal wear of the cylinder bore, due to the 
greatly rcMluced b(;ai ing surface of the piston-ri»igs at this point. 

A modifii'ation f»f this system which the authrir has advocated 

« *' 

for .some ycar.s, aud which i.s now employed by .several firm.s, is 
.shown in fig. 75. In this case the inlet ports are uneovc'red by 
the pi.ston .slightly liefore the exhau.st; but, to prevent the pa.ssuge 
of exliau.st ^ga.ses back thrctugh them, they are masked either by a 
rotary or some other form of valve, until the pressure has dropped 
below the .seaveiiging ’jx^essure.* By this means the inlet ports can 
be made of .slightly greater depth, and consequently greater, area. 
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thiiii the exhaust. Also, since on the compression stroke the inlet 
ports arc still open after the exhaust are elosed, an excess of air can 
be added if required, which is a very considerable advantage, for 
it is obvious that a very .slight increase in the weight of charge 
at this point will raise the mean pre.ssure considerably. 

The addition of such a “delaying” valve, while removing many 
of the objections from this .sy.stcm, adds only a .slight c6mplicati<>n. 
Fig. 7(> (a and n) show diagrammatically the timing of the port 
openings with and without Ihe delajdng valve, from which it will 
be seen that tlfe eflective. inlet poVt area is doubled without en- 




Fig 70 

oroaehing any further on either the eiremnferenec of the cylinder 
or the expansion .stroke. * • 

Port or bottom scavenging, genei’ally with a delaying valve, is 
now Aery ('xtensivcly used for large Die.sel engines, for it has the 
great advantage that it leaves the cylinder-head free from any a uIv^s 
except the fuel and starting Aalves, and .so allow.5 of much inoi’c 
eflicient cooling of this mo.'^ 'trouble.soine part. .Tie system, how- 
ever, is not suitable for gas-engines for two reasbn.s: (1) Ths loss 
of fre.sh charges through tin* exhaust ]iort.s is ueces.sarily considerable, 
and if gas were u.sed it would be necessary to fofee it into tlu* 
•■ylinder after tin* exhaust ports vvere elosed. and consequently 
against a .serious resistance. Wh(>re ‘vory lieh gas Ava‘i (*mployed 
there w'ould be no particular objection to this; *but where, as is 
general ly*the ‘case, the gas is of low calorific Value, and con.setfuently 
a large bulk is required, the j)o\ver neces.sarv to force it into the 
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cylinder would represent a serious loss. (2) It would be very 
dillieult to govern the engine over wddely A'arying loads, for it 
must be borne in mind that in a two-cvcle engine the contents 
of th(‘ cylinder cannot be reduced by throttling as in a four-cycle 
engine, because at the commencement of the compression stroke 
the cylinder must always be full of air or of exhaust gases, or 
of»a mixture of the tw^o. 

Governing by stratification, or qualitative governing, must 
therefore be relied upon for .reduced loads; that is to say. the 
cylinder and the method of charging nmst always be so arranged 
that a s!nall proportion of readily combustible mixture is undiluted 
and trapped in the neighbourhood of the igniter. AVith bottom 
scavcngifig, owing to the shape o/ the cylinder, and thu diffusion 
which such a system of scavenging inevit‘ib]y»sets up, stratification 
is possible only to a very limited 'extent, unlesf? a small sepaiate 
pocket be provided, into which a small chaigt' of coKibustible 
mixture can be pumped. ^ 

Scavenging by Valve in Cylinder Head.- The second 
ilicthod of scavenging, shown in fig. 74f>, is the one now* most 
generally adopted. In this system a ring of exhaust <;>orts is pio- 
vided round the circumference of the cylinder, and the fresh charge 
is admitted through one or more A’alves in the cylinder head. 
Engines using this system should have as long a stroke as' possible, 
in order that the distance between the valve* and the exhaust ports 
shall be a maximum. Ill large engines the inlet valve is alwavs 
mechanically operated, and since its operation is independent of the 
piston, its opening can be delayed until the exhaust pre.ssurc has 
fallen belotv the scavenging jircssure, and it can be held o]»en until 
after the exhaust ports are closed. For this reason it has all the 
advantages po.s.sc.s.se(l by the bottom scavenging with tin* delaying 
valve, and also the additional, advantage that, since the exhairst 
ports are arranged all round the cylinder, ample area can be pro- 
vided without enoroachiug too far on the expansion stroke or unduly 
weakening the cylinder. 

The disadvantages are: (1) To give sufticient area the valve, 
if of the ordinary poppet type, must be very large and heavy, and, 
since it*ha.s to be fully 'opened and clo.sed in ordy about 90 degrees 
movement» of tlje crank, 'a very poweiful spring mu.st be used, 
involving heavy opei^iting gciir and considerable noi.se, even at low 
speeds, and rendering ^ligh enginp .speeds impo.ssible. ' (2) The pro- 
Aision of such a largq valve, or in some ca.ses a number of Vjilves, 
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ill tlie cyliuder head weakens this part very seriously, and also pre- 
vents efficient water-cooling. To give some idea of the size of valves 
necessary, let it be assumed that the piston speed of the engine 
i.s 900 ft. per minute, or 15 ft. per second, and thatjthe maximum 
permissible velocity through the valve is to be 150 ft. per second. 
Tlieii, if the valve be regarded as effectively open during 72 degrees, 
or equivalent to of the stroke of the engine, it follows*that its area 
must be x times the area of the piston = ^ of the area of the 
]»i.stou ; that is to say, the diameter of the valve port should be equal 
to half tin' tliaflieter of tjie cylindi*!' for a piston speed of only 900 
ft." per minute. In practice, such* large valves are not often fitted, 
and it has been considered prefe.rable to employ higher gas velocities, 
in spite, pf the extra work thro\frn on the scavenging pumps. In the 
case of small engines, especially when the scavenging, pumps are 
supplying combustible mixturu, it is common practice to dispense 
with any operating gear, and to fit the valve with a comparatively 
light s])ring, so that it ojjcns automatically as soon as the exhaust 
pressure drops below the scavenging pressure, and closes when the 
comprc'ssion piessiire exceeds it. To accomplish this, it is desirable 
that the sjt'aveiiging pump be so •timed in' relation to the main 
piston that, tlu; .scyiveuging pressure is removed, and the valve 
allowed to close, as soon as. or shortly after, the piston covers the 
exhaust ports. This arrangement gives fairly satisfactory results 
at low speeds; but poppet valves when operating automatically 
are liable to be very noisy, and high .speeds are rendered impo.ssibl(? 
owing to their inertia, while any increas'’e in the spring tension in- 
creases not only the noise, but also the negative work of the pump. 
Moreover, such valves are liable, sooner or later, to brtudv, generally 
und<‘r the head, owing to the severe hammering they are subjected 
to, unless they can be partially cushioned by some form of dash-pot. 

Double-piston Scavenging. — The third method of scaveng- 
ing, shown in fig. 74c, is efficient, and has much to recommend it, but 
it involves the employment of two pistons moving^ in opposite 
directions. In this method, one piston uncovers a com 2 )le^e ring 
of exhaust ports, whih; the other shortly af’terwaids uncovers a 
second ring of inlet ports at the opposite end of the’ cylinder. To 
obtain the requisite delay between the opening of the cxJiaust and 
inlet ports, either of two methods niay be employed, ^(l) The ex- 
haust ports can be made larger than the inlet. This is open to the 
objectidh tlftit too much of the expansion stroke is wasted ; however, 
thi^is not so serious as in the engine with a single piston, for both 
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the exhaust and inlet ports can be arranged round the whole cir- 
cumference of the cylinder, and sufficient area provided, within a 
comparative!}’ short length. (2) The two pistons can be arranged 
so as to be c^ut of phase to the extent of about 15 degrees, that 
is to say, the piston controlling the exhaust ports can have a lead 
of 15 degrees over the inlet piston. In this case the two sets of 
ports can he made identical, and the inlet consecjuently closes 
15 degrees after the exhaust, which is a distinct advantage. 

When used as a gas-engiu(*. it is ifsual to pi’ovide two rows of 
inlet jiorts — one for air, which "'is opened, first and 'closed last, and 
«ne for gas, which is only opened when the piston is near the 
extreme dead centi e. In this way a charge^, of air is first intro- 
duced, followed by gas and air, and lastly air alone, so that if 
diftusion does not take place to any great ejetent, each piston is 
protected by a layer of air. It is pBobable, however, that with such 
an uirangeinent diffusion is fairly complete before ignitioij occurs.' 
From the point of view of governing, the engine is bad, the mixture 
being too weak and too diffused to ignite regularly ori light loads. 
The use of two pistons has much to recommend it for very large 
engines apart from the seaveuging, but the advantages will be 
considered later, when dealing with the particullir engines in wdiich 
this system is employed. 

U-shaped Cylinder Engine. - The arrangement shown in 
fig. 74d is really a modification of 74c in which the. cylinder has b(‘cn 
bent double in the middle. . In this arrangement two pistons recipro- 
cate together in two cylinders which ai-c joined together at the top, 
forming a common combustion chamber. ,As in c, one piston 
controls the inle»t and the other the exhaust ports, which are the 
maximum possible distanc.e apart. The two pistons may be out of 
plias(“, to the extent of from 15 to 20' degrees. The ettect is, of 
cour.se, precisely the same as in ea.se c, but the engine is very much 
more compact, and consequently a long stroke c-an be em2)loy(id 
without unduly' increasing the lengtl^. or height. It has not, 
however, the advantage po.s.se.ssed by c that the reciprocating parts 
are balanced. When u.sed as a gas-engine, a c,ertain amount of 
stratification can be obtained by suitable design of the combu.stion 
chamber; and very fair governing is effected if the igniter be pla(?ed 
directly ov(ji’ the intake pistorl. With this arrangement, in order to 
reduce the clearan'ce space necessary for high comprc.S8ion and at the 
same time avoid throftling the* incoming charge, it is •])referablc to 
make the combustion chamber into* a kind of curved Venturi tu*bc, as 
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shown in thfi diagram. Apart from tlie question of scavenging, this 
form of cylinder has other advantages, which will be discussed later. 

Scavenge Pumps. -The next point to be considered is the 
method of supplying the scavenging air to the cylitider. In the 
case of very large oil-engines of the Diesel type, this is generally 
accomjjlished by means of 
a double-acting recipro- 
cating pump, usually pro- 
vided with piston valves, 
operated by an*eceentric. . 

Sometimes, however, es- 
pecially in the eas(i of 
:«'versible marine engines, 
automatic plate, vjjves, 
such as are coruin»nly em- 
•ploved foi' modern low- 
2 )res.'.ur(> aii- compressors, 
are fitted. Fi om the pumj) 
the ail' jiasses into a re- 
ceiver of _ <‘onsf(le.rable 
capa(jity» and tllOll(•^ into 
tljo (\vlinder.s. A picswuro 
of from to 5 11). is usu- 
ally sulHciont, and tlu‘ 
volume swopt by the 
scavenge - jiump piston 
is otmcrally from 80. to 
(JO per c(mt greater tlian 
that swept by the woi’king 
])istons. Tlie actual quan- 
tity of air jjumped isprob- 
al>lv unknown, for it is 1)V 
no means an easy matter , ' rig. 77 , * « 

to nu^asurc large volumes 

of air when the flow is pulsating and not continuous. No control 
is fitted to these pumps, wliich consequently alway.'f Jischarge the 
full volume of air irrespective of the load* on the engine.* . 

In the smaller Diesc*! engines it is if very common practice to 
use what is known as a stepped piston, that is to say, the bottom 
of the piston is enlarged about 50 per cent fti diameter, andVorks 
in tho lower part of the cylinder, which is similarly cnlarg(Mb as 
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shown in fig. 77. Tlic nnnnlar space thus formed is used for pump- 
ing air into a receiver, light spring automatic valves being used 
for the suction and discharge. This arrangement has simplicity 
and neatness I"!!! its favour; but since it adds considerably to the 
r(‘(-iprocating weight, and moreover spreads the centres of the 
cylinders and so increases the length of the engine, it is hardly 
to* be recommended. Also the efiiciency of the pump is seriously 
reduced, owing to the high temperature of the piston which tends 
to heat and expand th^ air on il,s entry, and so to reduce the weight 
of air dealt with. Not only does this lower the 'efficiency of the 
pump, but, unless an after-cooldr is fitted, unnecessarily hot air is 
delivered to the working cylinder, a most objectionable feature, in 
that it both reduces the specific capacity of the cylinder .and raises 
the temperature throughout* the cycle. , 

Base-chamber Compression.— For small •engines of the so- 
called semi-Diesel type it is usual to employ the pressure, set up iA 
a closed crankcase for scavenging. Except for extreme simplicity 
and low first .cost, this syst(uu has nothing to icn-onimend it, but 
since it is so widely used it is perhaps worth while to consider it 
in some detail. In the first place, however 'carefully the base 
chamber be designed, a clearance .space of at' least 150 per cent 
is inevitable. At the time when the inlet ports are first opened 
the clearance .space will exceed 200 per cent. If now the average 
back pressure from the exhau.st amounts to 3 lb. per square inch 
during the charging period, the amount of air that will be de- 
livered to the cyliudei" is about' 60 per cent of the swept volume, 

for the jq'®s.suve in the crankcase will be only x 14'7 lb. 


= 22'05 per .square inch absolute, or 7’35 lb. per .square inch 


gauge The amount of air didivcred will be 


7-35 


7'35 


= 59 per 


cent of the sw^pt volume. It mu.st of course be understood that 
such a cakulatvin is but a rough approximation, and is only intended 
to give a general idea. It is ba.sed on the assumption (l) that the 
crankcase is completely refilled during the upward stroke of the 
piston; (2) that the air is not heated during the suction or com- 
pressioti strokes. In pi'actice the proportion of air actually retained 
in the cylinder .seldom exceeds 35 per cent, for (1) the crankcase is 
not completely billed, owing to the resistance and friction of the inlet 
valve; (2) the air is Very considerably heated on the suetion stroke 
by the hot piston and other parts; (3) the inlet poifs offerua very 
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coHsidcrable fiictioiial resistance, especially since bottom scavenging 
without a “delaying” valve is almost invariably employed. 

The result of this extremely imperfect scavenging is that only 
A’ory low ijjcan pressures can be obtained, and the fJze and weight 
of the engine is out of all proportion to the power developed. 
.Moreover, the retention of such a large proportion of highly heated 
(‘xhaust gases, and the intimate mixing which results from >his 
system ol’ scavenging, tend ,both to retard combustion and to raise 
tlie whole temperature of the cycle— two , objectionable features. 
Tlie use of the crank -chcimber as a scavenging-pump is a A'crjr 
serious obstacle to the proper lubrication of the parts within it, 
esiK'cially the connect*ing-rod big-end bearings. Neither splash nor 
lorced luJiri cation can satisfactorily be employed, for it is* clear that 
ai>y e.\cess of oil Avill be carried by the scavenging trir into the 
cylinder. For this reason oid5' the very scantiest lubiication can 
be proA’nded. and it is probable that if the speed and the mean 
cfi'ectiv(j jiressure were no^ already limited by the very poor 
scaA’cnging. any considerable increase in either would be efi'ectually 
]treventcd by the inadeciuate lubrication. 

Jn the tiuthors^ opinion it is extremely doubtful whether erank- 
clianiber compression should ever be emplo) ed, except in the very 
smallest engines, for the addition of a separate pump will increase 
tlie specific power of the engine by about 100 per cent, certainly 
without adding more than 50 ])er cent to the weight or cost. The 
addition of a separate pump, besides inf-rcasing the mean eliecth’e 
pressure, Avill also jiermit of higher speeds, better combustion, tind 
of the thorough and’efticieul lubrication of all the working parts, 
f >wing to the v’ery great clearance, space in the crank-chamber, and 
the co]ise(]^uent low pressure of the charge, it is evident, as has been 
show)! above, that any variation in the exhaust back-pressure, by 
I'cacting agiiin.st the scavenge air. .Avill have an enormous influeuce 
ujion the niean pressui)*, and therefore upon thp output of the 
engine. An increase of exlrau.st back -pressure fi ('m»uil t» 3^ lb. per 
square inch will leduce the volume deliA’ci’ed from 100 per cvint to 
50 per ce)it, othei- things being equid. and so will halve the output 
of the engine. Where sepai-ate pump cylinders are employed for 
scavenging, and where the clearances prre lom])ai-!itively siSiall, any 
variation in the exhaust back- pressure* will be )|utom!it.icjilly met 
by a coriTsponding A jiriiition in the .scaA’euge, Jiir pressure, and the 
eli’c(;t upon tlie poAvei' or steadiness of the engine will be but slight. 
To prevent as far as possible any undue exlujiust back-pressure, and 
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also any pulsations in the exhaust in engines using this system of 
scavenging, it is usual to fit a very large expansion chamber as close 
as possible to the exhaust ports; but even with this precaution en- 
gines employing crank-chamber scavenging are exceedingly sensitive 
to variations in the exhaust l>ack-pressure. Care must also be taken 
to ensure tliat the exhaust pipes leading from the expansion chamber 
arc short, and that the silencer is as free as possible from obstruction. 

So far as the author is aware, very few authentic tests have been 
made to ascertain the, exact proportion of air and exhaust gases 
present in the cylinder during* the compression sfroke of a two- 
cycle engine. Such measuremerits are not easy to make, because 
of the gi-eat ditHculty«of measurinjj the anuj^iiit of air that entei's 
the cylinders, owing to tlie pulsations set up by the intermittent 
opening of tin* ports and pump valves. If diffusion between the 
air and exhaust gases within tlic c5dinder were complete, it might 
be possible to obtain some useful data by taking sam])les from thc‘ 
cylinder during the compression stn^ke and submitting them to 
analysis. Although in some cases, especially in the case of bottom 
scavenging, there is evidence that diffusion is fairly complete, in 
other cases there is c(]ual]y strong evideiKje.to shbw that v(ny little 
diffusion occurs; conserpunitly analysis would sliow widely varying 
results, depending upon the part of the cylindei* from which the 
sample was taken. Two reliable tests, however, have receiitly b('en 
pul)li.>h(id, one by Ib ofessor Watson on a small Day two-cycle petrol- 
engine, using bottom S(;a^a?nging and crank-chanibei’ punifiing, and 
one by Professor Ilopkinson on a Fullagar gas-engine, using port 
scavenging with op[)osed pistons and a separa*te pump. The results 
of these investigations ai’c as follows: — 

riioi'EssoR Waison’s Tests on a Day ExiUNE 


Diameter of cylinder ... ... ... 8-25. 

Stroke of piston ... ... 8'25. 

Swept vpluine ... ... ... ... 27 cu. in. 

Total volume (from bottom of strojp;) ... cu in 

Volume swept by pump piston ... ... 27 cu. in. 


R r.M. 

j I'lstoii .Speed 

1 (f,‘etfKT 

1 iiiiiiiiti'). 

1 

Volume delivered 
)>> ('ruiike:ise 

0 iihif- inches i 
jici btroke). 

Voliiuio h»Ht 
through Kxhaubt 
(ciihic iitcheH 
pci stroke) 

Volume returned 

III ( 'yliiider 
(euhie inches 
pel .stroke). 

Ratio of V'oliiine 
letuinod to 
Total Volume. 

• 

1 

cu, iu. 0 

eu. Ill 

cu ill 


(jOO 

®325 , 

lG-7* 

51 

ji i; 

.‘)3-G i>cr cc'iit 

000 

497-5 

. 171 . 

5-7 

114 

33-0 

1200 

G50 

*14-0 

1 35 

11! 

•32-^ 

1500 

812-5 

12G 

' 2 -4 

10 2 

29 3 
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The tests given above represent the very best results wliich 
Professor Watson was able to obtain, after modifying the ports in 
such a manner us to obtain the highest possible volumetric efficiency 
in the crankcase. 

Professor Hopkiiison’s tests on a Fullagar opposed piston engine 
of 500 B.n.P., running at 250 R.P.M., gave the following results: — 


Diameter of cylinder . . . 
Stroke of each piston ... 
Swept volume .. 

Total vobime 


12 in. ’ 

18 in. 

2 SO cu. ft. 
2'7.5 cii. ft. 


K V M. 

Piston Speed. 

Volume tlclivered 
by Blower. 

Volume retained 

Jiutio of Volume 
retained (o 

Total Vtdiime. 



cu ft 

cu. ft. 


' 2:)0 

7.V/ 

270 1 

‘ 1-78 

(15 cent 

2n{) 

load) 

• 

.7.50 1 

! 

1 

1 

1 20 

1 

48-5 


In the eas(‘ of the FullagaV engine tl)c scavenge air was deliveied 
to the ports bv a separate blower, the measurement being made on 
tlie intake sule of vhe 1 dower. Tf, a.s»inay be sfii^posed, these results 
are act'urate. the pei’eentage of air lost to the exhau.st clearly points 
to the fact that diffusitni has taken place to such a considerable 
e.xtent that the inlet and exhaust ga.ses are almost completely mixed 
before, the clo.sing of the ports. It should be pointed out that in 
this particular engine thci'c is no lead on .the piston which uncovers 
llic exhaust ports, hence the.se ports are '<'lose,d con.siderably after 
the inlet. No doubt, from the point of view of scavengitjg, a con- 
siderable iiuproveraent could be eti'ected by giving tlie exhaust 
[)ist.on a lead of 15 to 20 degrees, and reducing the height of the 
exhaust ports corresj)ondingly. It will be ob.served, however, that 
the ]»ercentage of air retained in the cylinder of the Fullagar engine 
is jjrac.tie.ally double that retained iii the Day c}diuder, using crank- 
chamber displacement and running at the same piston .speed. 

For the jjuipose of considering both engines on the .same Ijp.sis, 
I he author has nden ed the percentage volume of air retained to the 
total volume of the cylindei’, when the pistons are afr their extreme 
out centre. With two-evcle engines it is ajways difficult t® decule 
where the effective stroke ends. It ‘is. certainly at some point 
considerably before the extreme dead centre, thortgh exactly how 
nmeh befoiie nmst dejjend upon the de.sigu of tiie ports and the*speed 
at which the engine is running. In practice, when considering the 
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mean pressure of tvvo-cj’cle engines, it is usual to refei* it to the 
full stroke, and this will l)e done throughout this book. In the 
four-cycle engine it is usual to (‘ommcnce opening the exhaust valve 
about K) per yeiit before the end of tlie stroke, but since this valve 
is relative!}' small, and the opening relatively slow, the pi'cvssure drop 
before the end of tln‘ stn^ke amounts to \'ery little. In two-cycle 
engines, on 'tlie other hand, the exhaust ports usually e.onimenee to 
open from 20 to 25 per cent before the end of the stroke, and since 
their area is large and the rapidity of o 2 )ening great, the pressure 



in the cylinder drops abruptly, and no fuitlier work is doin' on the 
piston during the last 1 0 per cent or so of the stroke. This ditferenee 
is clearly shown in tig. 78, wheic two actual diagiains, oin* from a 
two-evele and one from a four-cycle engiin*, are I’CMlueed to the 
same S(‘ale and superimpost'd. Unfortunately, howevc'i-, tlie diagram 
taken from the 'two-cycle engiin' show,s a loss far below tin* average, 
the ^engine being a veiy sIow-sjxmmI type witli exhaust poi ts all 
round the circumh'rence. In comparing the ptirformance of two- 
and four-cycler engines this feature should l)e b(jrne in mind, and it 
must bn remembered tli/it the loss of 10 or 15 pci* (rent of the stroke 
is the foifeit that a two-(;y(de ('iigine must pay in onhn* to obtain 
an impulse ever'/ revolution. 

Scavenging of Gas-engines. — When tin' two-cyclp system is 
employed for explosion engines, tlie ditiiculty of efficient scavenging 
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is considerably increased, for not only is it necessary to expel as 
much as possible of the exliaust gas, but this must be done without 
the loss of any combustible mixture. Any loss of air through th(i 
exliaust is serious in that it increases the work thre^wn upon the 
scavenging pump, but this is insignificant compared to the loss of 
eftic'iency which results if any of the fuel is allowed to escape. 
Attempts are made to ensure against the loss of fuel in' two ways: 

(1) By scavenging first with pure air and then adding the gas, or 
a rich mixture of gas and au\ at a later period. In this case it is 
assumed that w^iatever loss occurs is of air and not gas, since the 
air,. having entered first, is the first to reach the exhaust ports.' 

(2) By so designing tljc entry port or valve, and the whole of the 
^‘^Miibustion spacer, that the fresh chai-ge enters at low" velocity, 
giMuu-ally in the form of a gradually expanding cone, ,the object 
litMug to prevent^ diffusion and . encourage stratification. If there 
l)e no diffusion, it is evident that there wdll Ix'. no loss of fresh 
cliargt'. through the exhaust ports, until the whole of the exhaust 
gases have lietu) expelled. W'ith this system, wdiich in the author’s 
oj^iiiion is the l)etter one for small engines, no separate air-scavenging 
cliai-ge is required,#consequtintly only one puniji'is needed, supiilying 
a mixture 01 gas and air. 

Alter numerous tests, the author has found that, for all-round 
work in -the case of small engines, there is very little to choose in 
overall eftiiucncy between the two systems, for the extra powder 
rerpiired to drive two separatii pumps \ieutraiize.5 the advantage 
that the air-scavenging system may possess' in the wixy of immunity 
fi’om fuel loss through^ the exhaust ports. In this, as in all other 
questions of design, consideration must be given to the size and 
the particular conditions under wdiicli the tmgine w'ill be required 
to run. For large engines ’the air -scavenging is probably to be 
pi*(*ferred, because: (l) With very large pumps delivering com- 
biistil)le mixture there is ahvays a' risk that an explosion in the 
l)unip may cause eonsideral)le damage. (2) In larg^ engines where 
the rotational sp(‘-ed is comparatively low', tlie frictional and tluid 
losses due to the two jjumps are smaller in (*omparison ; their losses 
in a w"ell-designed modern gas-engine should not together exceed 
10 ])er cent of the total indicated horse-p^wer. > 

The objections to the air-scavenging vsystem are: ^ 

1 . The use of tw"o independent jiumps is costly, Complicated, and 
involves a«conittideral>]e addition to tlii^ meehaaiiuil friction. 

-••In spite of the use of sopanfte pumps, if tlie gas and air both 
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enter tlirough the same valve or ports, there is a danger of the gas 
being driven back into the air passages and pump, or vice versa, 
in wliieli (*.asc the advantage of air- scavenging is lost. It is by 
no means casr to arrange for separate ^’alves or ports for the air 
and gas, noi- is even that a certain remedy if both are in communi- 
cation with the cylinder at the same time. This difficulty can be 
overcome t6 a certain extent by the employment of a secondary 
air-seavenge, that is to say. by the admi.ssion of a second cliarge of 
pure air following the charge of gas, in order to clean out the ports 
and passages. ’ 

3. The difficulty of governing. If the chaige is to be homo- 
geneous, it is necessary that tlierc shall be com])l(“te diffusion of the 
gas and air; and if they are admitted separately, such, diffusion 
must take place within the cylindei*. This is, the condition neces- 
.saiy for full-load running. If it be- required to ran on light loads, 
and the proportion of gas is considerably reduced, such diffusion’ 
will result in the formatifui of a mixture too weak to ignite. If 
it weiv possible so to design the engine that tin* gas and air were 
thoroughly diffused on full loads and stratified on light loads, the 
necessjiry conditions would be fulfilled, but it is not easy to see 
how this could bo accompli.shed. 

By eiuploying a single pump delivering a homogeneous mixture 
of gas and air, and aiming at complete sti’atifieation of the com- 
bustible mixture and exhaust gases, gfiAcrning is rendered fairly 
sim[)le by merely regulating the, quantity of combustible jiiixture 
admitted at each stroke, a small proportion only of the exhaust 
gases being expelled on light loads. At the .same time a very 
muc;h cheaper and simpler engine can be produced, and the friction 
and fluid lo.sses can be reduced to a minimum. The objections to 
this system .are; 

1. The danger referred to before of a fiic-baek into the pump 
cylinder. In comytaratively small engines it is easy to make the 
pinny) mechani.sm strong enough to with, stand thi.s, for, .since the 
compression realixed in the y)tnnj) cylinder seldom exceeds ,3 or 
4 lb. y>er .square inch, the maximum pre.s.suie attained in the event 
of an exyffosioil in the pumy) is not very high. 

2. Since comj)lete stnitification is not obtainable, a certain yiro- 
jjortion of the combustible 'gases does mix with the exhaust and 
pa.ss out of the exhau,st yiorts. This loss is very small when running 
on light loads, but maj- become .serious when the proyjortion of fre.sh 
charge exceeds about 50 y)er cent of the total cylinder volume. 
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Comparison with Four-cycle Engine. — It is popularly 
supj) 0 sccl that the two-eycle engine is vastly inferior to the four- 
cycle in thermal (iliieieney, and that the fuel consumption is very 
much greatei-. HowcA'cr true this may have been in^the past, the 
(litierencc at the, present time between the best examples of each 
ty])e is not so very great, being usually only about 10 per cent in 
fa\'our of the four-cycle. This may be attributed to ’three main 
causes : 

1. The lower mechanical ctticieu<;y of the two-cycle engine, due 
to the sej)aratc Seavengiugrpumi) witli its greater frictif»n and fluid 
loss'es. 

2. The fact that r.fter combustion the gases are not exjianded 
to the same volume as before. 

:3. The I0.SS of nnburut fuel through' the (“.xhtiusl in the ease of 
explosion engines* only. * 

Tlie first of these causes is (jiiite obvious, for it follows that the 
(‘xtra piston of the scavenging- pump, tog(‘ther witJi its operating 
gear, must add somewhat to the friction, and that,' owing to th,e 
short time availaUle for charging, tho gas velocities must lie higher, 
with a consequent increase of fluid fihdion. Moreover, the valves 
of the seavenging-pump itself will aild still further to the *fluid 
losses. AVhen, however, all these conditions are taken into con- 
sideration, the difl'ereiK'.e in mechanical (‘tticiency amoimts in large 
(‘ijginos to only some 6 pei* cent in favour of the four-cycle engine. 
Ill e.ases wliere the crankcase is employed seavenging, the extra 
friction loss due to a separate ])umj) is avoided, but the fluid losses 
arc increased pi-oportioiiately, owing to the fact that* the ;iir or gases 
are eompi essed in tlu‘ liase-chamber to a considcu-ably higher pressure 
than is necessary, and then released without doing any useful work 
when the inlet ports fire opened. An average of a great number 
of tests shows that th(' mechanical efficiency of fi good modern twd- 
cycle gfis-cugine nniy he taken fis about 80 'to 82 j)er cent for all 
sizes wJien the piston speed is about 750 ft. per* minute. Lfirger 
sizes do not show better results, bei'ause sopfirate air-scfivenging 
i« ge.nerally employed. Tlic mechanical efficiency ^^f-a four-cycle 
engine, giuierally rfinges from 8G per cent yi small sizes to, 88 per 
^'^nt in huge engines. In the case of .Diesel oil-engines, owing 
to llic power required to drive the high-pressure air-coiiq)ressor and 
tlie heavier iwuprocfiting parts, tlie meehanioal (efficiency of botli is 
•'^onie*12 per (leiit lower, and the diflerence is consequently even less. 

Vob I. *15 
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The second cause is less obvious, for the point at which com- 
pression iiui}' l»c said to eomnienee is not very definite. As a 
general rule, the pressure in the cylinder is about 17 lb. per square 
inch absolute ^at tin* moment when the inlet poi-t or valve is clo.sed, 
which may be assumed to occur when the piston has travelled over 
20 pel' cent of tin* eomjiression stroke. Then, assuming adiabatic 
eopipression, the pitiut in tlie stroke at which the pressure would 
be atmospheric may be found as follows; — 

X 1 4-7 = 17, 

14-7 
= 1-lG, 

- av 1 h‘ 11 (*(‘ .r = l‘i7o. 

That is, tlio colllpl;os^ioll cuiiiiiuaiccs 17*5 pea* (*eiit hoforc tlio closing 
of the in](‘t vaK'C, or 2*5 jun* cent after the out eeJitrt*; hut, as lias, 
lieeu shown befoi’i*, owing to the large av(‘a and the ]*apid' opening 
of the exhau.st ports, the expansion stroki' may lie considered as 
ooinplet(‘ when the piston is 10 jiei* cent from the mid of its stroke. 
If, thei’cfore, 17 11). [vr .Mpiare.inch he takmi as tln^ ])i‘u.ssure in the 
cylinder when the jiorts ai'(‘ ch»sed, and it i.s« aliout the av(‘rage 
figure, then the gases ai*(» ex])an(led to only 92*5 jM*r eent of tlnur 
original \'olum(‘. In many castes the expansion ratio is even h‘ss 
than thi.s. The elleet of this, of eourse, is to ineiT‘ase the prcbssure 
and lennierature at the point of release and lower the efficiency, 
owing to the greater amount of heat rejeeted to ihi' exhaust. The 
loss due to this eaust^ is not large, hut it must hi‘ taken into eon- 
si(l(M*ation wliein accounting for the lower etfi(*ien(*y of the two-cych^ 
engine. 

Tin* third cause, that due to loss of nnhurnt fuel througli tlie 
exhaust, is only of iinpoitance, among wclhihbsigned engines, in the 
ea.se of tho.se whieh eompress' eomhustihle mixture: it dcp(‘nds 
very largely u[itm tln^. 'design of the .eylind(*r, the, (^xact timing of 
the ya]v(\s%)r ])oi‘ts, and the length and size of the exhaust ])ipes. 
With engines using hottoin scavenging, no delaying valv(‘s, and 
only a defleetov on the piston-head to ])revent short-circuiting, this 
loss is (i^‘i-tainly larg(i, i\). sonn* cases exce(‘ding JU) ])(*r (*,ent. Such 
a systmn of charging, how(‘vcr, (;annot l)e too strongly condemned 
for engines which seavmige with comhn.stil)lti mixture. When 
scavenging is etfecti'A thi'ouAh a valv(‘ in the, cylinder, hy .so 
designing the cylinder as to encourage*, stratification it is possible 
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to i'edu(!(i this loss to u very suuill percentage. With opposed 
pistons, owing to the diftusion which takes place, the percentag(i 
is largei', but still need not be great. 

But for the defici(;ncies just mentioned the. thermal efficiency 
of a two-cycle eugiiu! should be higher than that of* a four-cycle 
employing (juantitative governing w'hen running 011 light loads; for, 
since' the weight of gas in the cylinder is always approxijnatcly the 
saiiK', a comparatively high mean pressure can be obtained witli 
a small rise of temperature, and conse(]uently the losses due both 
to the increasing specific h(*at of the gases at high tempei-aturc's and 
also to radiation art* greatlj’ reduced. In .othi'r words, a two-cycb^^ 
ciigiiu! em|)loys tjualitative governing, with all the advantages wliich 
rhal .s3'.stem bestows. 



CHAPTER XVIII 

‘ EXAMPLES OF LARGE TWO-CYCLE 

GAS-ENGINES 

I * 

The Oecliclliauser gas-ciii^ine js probabl}’ the best-known exaniple 
of tlie type in which the system of secondary pure-air scavenging is 
employed. In this ehgiiie, as will ,be seen from the sectional draw'- 
ing ill fig. 79, two pistons are employed in one long eylintler. One 
piston uncovers the exhaust ports, ^and the ot'her^ two rows of inlet 



* t 

ports. The first row to be uncovered, and the last to be closed, 
admits purp aii> while gas is admitted through the second series. In 
this wa\', primary and .secondary pure-aii’ .scavenging is effected in a 
very simple manner, and with little risk of any gas ]:)as.siijg 
into the scavenging air. It is also claimed that each piston is 
protected by a layer of pure 'air, but, as has been jiointed out 
jireviously, thcV*e is probably far too much difiusion for this to 
1 k‘ of any consequence. The use ol two pistons travelling in 
(qiposite directions has certain very marked advantages both fi'ora 
the thermod^'-uamic and mechanical point of view'. Considering 
first tlip therraodynamjic advantages. (1) A very long eficc.tivii 
stroke can be employed ip conjunction with a high rotative sjjccd 
so that tnc expansion is much more rapid than when a single 
piston is u.sed, con^i;uently''thc heat loss during the .expan.sion 
stroke is reduced. (2) The combustion chamber present's the 
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Diiiiijnum possible surface; for, owing to the long stroke, the layer 
of gases at the end of (‘ompr(\ssion is very thick, while the expos(‘d 
siirfac.es c.oiisist only of a portion of the cylinder liner and the two 
piston -heads. There arc no pockets oi- recesses wh^ch can chvvk 
tlu' free movement of the gases during combustion, so that the 
I'omlmstion of the whole mass of the gas is very rapid. (.S) Tlie 
absence of any uncooled v^alves or considerable thickmfss of metal 
at any om‘ ]ioint, which nniy become oxerheated, permits of the 
usi‘ of a higher com])ression, withoiit risk of pre-ignition, than is 
])ossiblc with otSier d(‘sigi]s. 

•Tlie mechanical adx^antages are*: (l) The two pistons moving iif 
o])p(Jsit(‘. <lii‘e(itions giw a, nearly perfect balance of the moving parts, 
ill us jxu'ipitting of high rotative s})eeds. (2) The cyliuder-lu'ail, 
always the most troublesome part in iTirge engines, is eliminat(‘d, 
and jepla(‘C‘<l by n second pist<5n. (:]) Since the crank is pushed 
•by one 4 )isron and pulled by the otluu*, the healings, bedplate, 
and flaming ar(i reliex'ed from all str(*sscs under normal condi- 
tions, and tli(*v can tlnundbre bo made very light. ^ ( 4 ) Since tlie 
(‘yJindcr is a plain barrel of unifoi-m thickmiss it is easy to 
and is J<\s^ Habit to iiilernal stresses, due* to contraction, sii(*li 
a'- occur in the (ivlnider-heads of single-piston engines; for in sucii 
engines tli(' casting biH'omes (*ompli(*atcd, owing to the valve ports, 
])assag(‘h, ki\, and is seriously weakened both by internal cooling 
strains and by temperature difliu-ences, due to the uiiorjual tliickness 
of (1 j(‘ metal. .Much is claimed for this fcaturt*. but in-practic(‘ the 
advantage is not so great as niiglit at first sight appear, i*or it is 
necessarx to ]iroxud(‘ bosses, and to pierce the liner in several ])la(‘i‘s 
fnj‘ t,li(‘. igniters ainl starting xalves, and these ncc<?ssarfly inieiieri* 
with its fret‘ ex])ansi()ii. and are a source of local \x't*akness. 

The priiH‘i])al obji‘ctions *to tliis class of engine arc: (J) Oxving 
to tlie necessity for a tliree-tlirow crank and three (*onnecting-rod.s, 
crossdu'ads, slidi's, &c., required for (‘ach single-cyjinder unit, the 
cost of manufacture ])er eyVn:'tive horse-power is Veiv high, and 
the engine has had difficulty in competing with “the double-acting 
two-cycle engiiKi on this account. (2) Owing to the long return 
<'omiecting-rods, ii(v(‘ssary to connect the outer pifflnns with the 
crankshaft, the length or height of the (inginc is very «onsidei- 
ahle, and the weight of the reciprocating* masses is gn^at^ Against 
this latter ohjec.tion, liowever, it must be I'eiuentbercd that tln'y 
are AX'eJl •balffnced, and external cross-heacis* arc provided •whieli 
greaHy reduce the piston friction. 
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■Votual tests on Oc(;lielliansor engines have given the following 
excellent results: — 

Test 1 : 500 horse-power single-eyliniler Oechelhauser gas-engine, 
tested by Prd'fe.ssor E. Meyer in the Borsig Woi-ks at Tegel, near 
Berlin. This engine consumed coke-oven gas eontaining between 
40 and 50 jjer cent by volume of hy<lrogen and having a 

IcFver heatnig value of d50 to 433 B.T.l'. per cubic foot. 

'I'hc following arc the leading diipeirsions of this engine: — 


[‘r, in. 

Powei' rylindiM- ! Stroke front ])lston, .‘57*0 in. 

• ( Stroke .hack pisttm, .37*‘51 in. 

Air-pcavent^int; jHinip ( liore, 44 So m. 

((]oul»le .T(*tin^) ... I Stroke, 19*7 in. 

(ia.s- puinji (doiilile /' Hore, in. 
acting") ... ... ( Stroke, 1V)*7 in. 


I ( ‘ornl lined stroke, 74 *.‘^1 in. 

Swept foliirne = eii. ft. 
I (approx.). 

) Swept \oluine = .‘50 0 on. ft. 
/' • (a]j]H’ox.). 

I Swept volume S*0 eu. ft. 

4i 


Tin* j-atio between the Nolinne ^wept by tlie pnwci- pistons iinil 
tlie air-sea pistons is. tlierelbre, ] : I'o. a \(‘rv lii<j;h ratio. If 
the eapai'ity of tlie oas-puin]) lie aildeJ to lliat of tin* air-s('a\ onoc*, 
the ratio llieii.beeoines 1 : 1 ‘9. 

fji this partieular instance the online was eni|)loy(*cl for driving 
a l)]owing-tnb, and llie ineehanieal friction inc'bide.'- tliat; due to the 
piston and stnftij]g-l)oxes of the blower, for tin* brak(‘ ]ioi'S(‘-power 
of tfie engine is d(Mlu('ed from the ])owei' indicated in tlie blowing 
cylinder. 

NrMUKa OK Tests, Area st, 19 (U 
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The thermal effichency, in terms of the indicated hors(i-po\ver in 
tlj(‘ power cylinder, as shown here, is remarkably Kood, and is equal 
lo tl»e best results ever obtained from a modern four-cycle engine. 
Hilt wlien it is reduced to the B.II.P. tlie very poor mechanical 
etti(*icncy rathei* spoils the performance. It is evident, when 
analysing these results, that the fluid losses are altogether too high, 
due partly to the excessive (*a.])acitv of th(‘ air-jiun/j), wliich^is 
evidently delivering too great a volume of air for tlie punq) valves 
and inlet ports to pass without serious ba,ck-})ressure. This is clearly 
indicated by exjfmining Tests III ami IX. 'Hie mean pressure is tlie 
same in both cases, but the piston Wifieed, and hence th(‘ gas velocities*, 
arc reMluced in IX, wlxile the fluid loss drops^from 15’8 per cent to 
;r(j4 ])er cent, 'fhe ])urcly mechanical friction has dropp(*d from 20 
|)(M' cent to IS'O ]>er I'.ent, a very small difleriaice. 

The ailmissiovi of this very large volumt* of air pvf)bably imjwoves 
mIk' indicat(‘d thermal efliciency slightly, by lowering the initial 
ltun])era.ture of the working fluid, but any gain from this source is 
nioi'c than counterbalaiu*ed by the (‘Xtra fluid and friction losses. 
With mo(h*rn two-cycle engines the fluid loss due to sc'avengiMg 
.should not^grcatly excc(‘d 5 per cent#, and in tliis ca.se it is probable 
that bett(‘r brake thermal elliciencies would luivt* b(‘.en obtained had 
a smaller air-])uin]) b(‘en u.sed, and had the exhaust pi.ston been given 
a slight* l(‘ad over the inlet, thus permitting of the u.se of larger 
inlet polls. This engin(‘ attbrds a very good example of the danger 
of coiu'cnlriiting too much on the ther^iodyuamic, to; t he neglect 
of the met hanical efliciency. Suppose tlntt in 1 V.st III l(‘.ss air had 
iM'di (hdivered, and tjiat tlu' fluid lo.ss had be(*n reduccul to 5 pel 
c(Mit at the exjien.se of I per cent loss of thermal elHci(*ixy, tlum the 
laake thermal efliciency would become 28'5 )»er c(‘nt as again.st 25 
per c(mt — a very substantial improvement. 

In a later test on the same engine, Profe.ssor Mever obtained an 
indirated thermal (‘flicien(*.v of ])er cent and a brake thermal 

(dlhhmicv of 2S'8 iier cent: certainly a reiharkable result, luit the 
author is not aware wliat modifieations, if any, were made tji the 
<*ngiin* between these two sets of tests. 

Such high indicated thermal ('fliciencies as tljw^e show very 
clearly that tlu*. loss of unburnt fuel throug^i the exhaust ports mu.st 
be almost nt*gligible. * , ^ 

The manufacture of ( hvhelhauser engines has-been iiiuhu'taken 
in Great* llrkain by Messrs. Williaui HeaMlfnor(‘ it Co., Ltd., of 
Glasgow, who liave redesigned and considei-ably inquwed upon the 
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Geniifui nioclels. Fig. 80 
shows .-i pliotograpli of a 
I 50(.)-lioi*sc‘-po\vei* singk*- 
oyliii(l(M‘ rolliiig-inill (*ij- 
giin‘. IMessi's. Jioanlmore 
liMvc* greatly ivdiu'ed the 
frietioii Joss(‘s hy ligliten- 
i])g thejeciipi'oefitiiig [)cirts, 
and at tlic same time tli(*y 
liav(‘. im^irel}' rodesigm'd 
tiu' air-sea \ eiiging ])mnp, 
and ]iav(‘ siuuH'eded in 
jedueing the Hiiid loss(‘s 
to h(‘low 7 pej- (UMit at 
fill] ](Vh 1 and normal 
sp(HMl. No vej'v marlv(‘<l» 
im])ro\“(‘m(*nt lias bi‘en 
niad(‘ in tli(‘ hi-ake ihermaJ 
i‘tHei(‘ney. hut this is])j’oh’ 

ahl\' du'‘ to the liu't that. 

«c 

tli(* ei^gine^, as Jiow hiiilt, 
liav(‘ a V(‘ry mni'li shoj'tm* 
sti’oke, necessitated hv 
llii^ slrenn(»ns eonijietition 
whirl) l(‘fl Jio plae(‘ (hr 
the- ea.rli(‘r (‘ostly and 
luilkv lonL>-strok(‘ (Miu'ini\s. 
\Ioi’(M.)ver. th(‘ author is 
not aware of any instaiire 
in wliieli M(‘ssrs. ])ear<l- 
mor(‘'s (MigiiK's ari' using 
eoke-oveji gas, whieh, 
owing to its riehiHvss 
and ra|)id intlammahility, 
would t(‘iid to show a 
higlier theianal etheiejiey. 
With ])i-odu(an‘gas, Messrs. 
r)(‘ardmoi‘e guai‘a,nte(‘. that 
th(‘ luak(‘ thermal elli- 
eiejie.y will* exeia'd 
p(‘r e(Mit, whieh eom,pares 
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SI.— Fulliigni Knjjiiio. ]Ioir, PJ inches; stroki*, IS niches 


liivoiinihly witli tJic ^uarjiiitct's given for inotlorii four#.‘ydi‘ 
Oiigiues. 

The Fullagar Engine.— 'I’lio Fulliigiir eugiirtTa photo .-uul 
■section of which are shown in ligs. 81 and is a \ cry modern pj-o- 
diiotion, and is in effect a niodifi<!atio 1 i »f the Occhelhaijser engine, 

111 tliat it employs two oiiposed ])istons in eacli eVlindei-. lint the 

* • * . * ' 

IML.***^^* ^ read liy Mr. Fullaijar liefoiv tlie Nin'tli-Kast C’lutst Institution of Kni;inei*is 
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lone; return connecting-rods, and the necessity for tlic use of a three- 
tlirow cranksliaft, have been done awfiy with by arranging two 
cylind<*rs side by side, and coupling the lower pistofi of one to the 

upper piston of the 
otluT, and vice 
v(Msa, by means of 
liiiht diagonal steel 
tie - rod-^^. If the 
strok(‘ is fairly long 
in 'I’elation to the 
bore, the angularity 
of til ese ties is not 
ex(r(‘.ssive,* and is, 

• in fact, consid(‘ra.bly 
h‘f;s tha-n the inaxi- 
nuim a.ngui'arity of* 
th(‘ connecting-rods. 
The thrust due to 
the diagonal ties is 
ta‘kcn by outside 
cross - heads, which 
('an b(‘ k(*pt cool and 
well lubricated, so 
that tlu‘ friction 
loss du(‘ to this 
cause should lie 
V(‘ry small. The 
whole* design is at- 
tiJK'tive in that it 
is at ojKX*, si m filer, 
cheafiei', and more 
j ('om])a('t than the 
^ Oechelhauser en- 
gim*. Only the 
lower ])istons are 

rig. HL\-section of Fuiiagai ('Oiiiie(.'-te(l to the 

• 0 (‘.rankshaft by single 

connecting^- rods, so that a plain two- throw ci‘ank with cranks at 
180 degrees sutHt-es for both cylinders and all four pistons. 

hr the only exaniflle about which tlu* author has' any detailed 
information, air-s('avenging alom,* is (*mp]oyed, the air lieing supplied 
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i) y a rotary fan or blower. As explained previously when dis- 
cussing scavenging efficiency, the volume of air chilivered to the 
inlet port of this engine is very little* in excess of tlie swept volume 
of the cylindej*, yet the Fullagar engine can obtain as high a mean 
pressure as th(i Oechelhauser, indi(*,ating that the 50 per cent excess 
of air su})})lietl to the latt(*r is unnecessary, ftas is suppli(‘d to 
the engine by ine.aiis of a small reciprocating pump, aiKFis admitted 
tlnough a valve direct into^ the (combustion chambtu-, not through 
ports as in the Oechelhauser. The timinj^ of this valve is sinOi 
that the gas ft driven jnto the •(cylinder immediately after the 
(‘losing of the exhaust ports, aiM befon* the comprecssion in tli^ 
(‘vlinder oflers too high a resistance. This method, thougli excel- 
lent, is (iidy ])racti(cable with A^ery rich gas, in wliich oiijy a small 
\(»hinie is recjuired.* It would not Im' jiossihle to adinit a large 
Noliiine of ])oor(vi‘ gas into tlA' (cylinder aft(u* tin* closing of tlio 

' (‘xhausU ports, witliout absorbing a very (considerable amount of 
[)ow(*r in the gas-])uin]), or introdining so large a valve port in 
the wall of ihe cylinder as seriously to W(*alvim tine structure of 
tin* (cyliuder itself. • 

Tests *nade (Tn this engiiu* by Proh^ssor llo]>kinson showed an 
indi(‘at(Ml thermal Vlli(*iency of 117 per cent, and a brake thermal 
ctiici(‘ii('y of slightly over dt) per (cent when running on town's gas. 
The nuMchanical efficiency was found to lx* aliout 81 per cent, but 
Prof(‘ssoi' Ilopkinson states in his r(‘port tliat an even high(‘r 
etti('i(‘n('y Avould Jiave Ikhmi obtained .had the scviA'ifUiging bcxui 
(dferted bv a moi'(* efficient form of blo^A’er. 

The Korting Engine. — The Ivortiug double-acting (*ngine, 
originally introdiuaxl liy Koi tiiig Brothers, of Kortmgsdorf, Hanovei’, 
is modelled on the early tderk engine, and has met with the great(*st 
measure of success of any’ lai-ge two-cycle gas-engine uj) to tlie 

j) resent time. (b'(!at numbers of these engines liaA c been built pii 

tiennany by Amrious licencees. The engiiu* is no^loiiger manufac*- 
tured in (Jreat Bi’itain. One of the larg(\st installations of Korting 
(‘iigiiKcs is that at Lackawanna Steel AVoi'ks, Buffalo, amountjjjg in 
all to 40,(»<)() B.II.r. 'riic instil I latioii was miiuiifactui ed iintl put 
up liy the Uc La Vi'igne Alaehiue Company of New^^rk. S3 

and 84 show a typical single-eylinder Kort|jing engine. • 

Dealing first with the general f(*a1tiires of the design, it will he 
wen from the photograph, fig. 83, find the sectiomll drawing, fig. 84, 
thiit a doul)l^-!lctillg cylinder is employed, with charging or aciiveug- 
iiig»valves at each (“iid, and the exhaust ports all romul the cylinder 
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Fig. 83.— The Korting Engine 
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rig. b4. — *5ectionof the Korting Engine 
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in the middle. A long piston is fitted, its length being about 20 
per cent less than the stroke of the engine, so that the exhaust 
ports are uncovered to each end of the cylinder during tlu; last 
20 per cent of each stroke. The two s(!avengiiig-punip.s, one for 
gas and one foT’ air, are jdaeed in tandem at the side of the cjdinder, 
and driven from a separate crank, having a hiad of about 110 
degrees ove^' the. main crank. No receivers are employed, the 
pumj)s delivering direct into the. cylinder. In this case it is neces- 
sary that their deliveiy stroke shall b6 .so timed in relation to the 
main piston as to redufe the Hfjid lo.s,scs to a minvniim. By thus 
(Jispenising with the use of receiyers it fs obvious that the ]nimp 
I0.SSCS can be considerably rcMluced. In order to give a lead to 
the air, the suetiou Valve of the oas-pui)ip is kept o])eii in tlie 
(Jerman Jesign during the^lirst 40 to 50 pei* cent of fhe puinj) 
stroke Avheh on full load, and for ])roportionately long(U* ptu’iod 
on light loads, so that the gas is simply returned to the mains , 
until the closing of the suction valve. It is tlnm delivered, along 
with the air, to the main inlet valve®of the ])ower cyliinhu*. 

In order t(/ prevent a mixture of gas and air being formed in 
the passages leading -to the nyiin inlet valve, tl^e two Huids are 
kept separate as far as possible; separate d(div(‘ry ])i])es are em- 
ployed, and even the valve seating has si‘j)ai-ate ])iissages for thci 
entry of gas and air. Tin' dangei* of a mixture forming, in the 
])assages liehind the v^d^e is twofold. 

1. Anv mixtun* .so formed will enter the (‘ylinder aliead of th(‘ 
air-scavenge charge, and Uicreforejs lialile to Ije di-iven out thi'ough 
the exhaust ports. 

2. In theev(y,it of combustion not being comjdete when the^alve 
first opens, tlie mixture in tlie ])assages may be ignit<M.l liy flame 
lingering in the cylinder. This in itself is of little (jonse(ju(uu*(‘, 
l)ut it is liable to ignite tli(‘ whole of the gas and air of the next 
charge' before it can enter the cylinder, thus missing one stroke and 
fouling a poitioV of tin' air for tlie ijext stroke. In s]jite of the 
})recautions*'tak?nrto prevent it, firing in the gas and air passages 
do(‘s occasionally occur, and indicates that a c.(‘rtain amount of 
mixture must^orm liehind tin' valv<' at tlie eiul of the cliaiging 
stroke. AVhother it betrays its presence by igniting or not, the 
larger part of tliis mixture wUl be driven tli rough the exhaust ports 
unburnt. Sn thj^ respect the secondary scavenging arrangement 
of the .Oechelliauser »ngine wenld appear to b(i supej;‘ior.* 

In spite of the large numbei^ of Korting engines in use^, no 
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details of complete tests, such as Professor Meyers on the Oechel- 
hauscr engine, appear to be available. M. Mathot, however, in his 
l)0()k on the Const riictiom and Worki)tg of Internal-coinh'^tstion, 
Euijines^ quotes the following tests carriiHl out on a German 
IvoJtiiig engine in 1904, tlie same year as Professor 'Meyers tests 
en the Oechelhauser engine referred to al)ove. The', engine in tliis 
case was a single-cylinder unit of 700 B.Il.P., running at 30 R.P.M.; 
llie l)ore and stroke of the cylinder were 31 ‘0 and 55T2 in. respec- 
tively. The dimensions of the gas- and air-pumps are not given, 
Imt tlje e.()ml)ined e.apacity oi the two can be calculated back from 
the tlie stroke, and the l.JI.P., all of which are recorded., 

( ahailated in this way, the bore and stroke are ap])roximately 38 in. 

’ ■ 42 in., and the totaJ swept volume 45 eu. 'ft. Such an ap[)roxi- 
nuition is necessarily rather rough, because the M.E.P. of the two is 
not c'xactly tlui same, nor is the, proportion known; Imt siiuai pi’o- 
^lucer gas was used it is ju-obably approximately in tlie i*alio of 2:1. 

The sw(‘pt volume of the working cylindi‘r jier strola*. is 22’5 
cu. ft., and that of the (iombined gas and air (cylinders 45 cu. ft.; but 
it must be reniembercMl that aliout 50 ]>er emit of the gas is returneii^l 
to the suction, so„ that the actual volume would pi’obably lie not 
more tlian 37'5 cu. ft., a ratio of 1 : 1*07. 


K.RM 

Piston speed (feet [)er minute) 
P. (mean of botli en<ls) 

9] ft (pounds |)er sijuare inch) 

l.H.P 



l.H.P. of pumps 
JM.E.P. air-j)ump 
IVl .K.P. gas-pum[) 

Fluid losses ... . 

Friction losses 
Mechanical etliciency 
Tlu‘rma] erticiency (R.H.P.).. 
Thermal (‘fticiency (l.H.P.) ■.»..* 
Fuel used 


80 . 

732. 

56-8. 

45 . 

890 ? 

703-8. 

91-9. 

2 - 750 . • 

3 - 138 . 

10-3 i)er cent. 

10-0 

791 

28-0 , „ 

*^h2 „ * j .» 

Anthracite, O-YS lb. per B.Hi'. 
hour (14,200 B.T.U.s per 
pound). 


The figures given for the thermal ^ettiemney are based* cTn the 
assumption that the producer efficiency is 80 per (jent. ^t is very 
interesting to fornpare these three results, all j^r»)m two-cycle engines 
of aj^iroximately the same power —two of which, however, are eld- 
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fasliioDcd and one modern -with a test ,u,iven also hy JNI. Mathot on 
a tvvo-eylinder fonr-eyele double-acting gas-engine of 600 B.H. P., 
built In' .Messrs. Elirliardt & Selinier, and tested in 1906. This 
engine bad (‘ylinders of 124'4-in. bore by 29*52-in. stroke, and 
developed GOb B.Il. at 150 R.l^. M. The volume swept by each 
piston is 7 '9 cn. ft., oi', for the two pistons, 15*8 cu. ft. ])er stroke. 


R. P.M. 

Piston spriMl ... 

AI. E.P. (ineiin of four ends) .. 



I. HP 

B.H.P 

Alechanical efficiency 
Themial efficiency (B.H.P.).. 
Tliernvil efficiency (T.II.P. ) .. 
Fuel used 


150. 

7;fG ft. per minute. 

740 lb. per square inch. 

61 -5 „ r „ 

7-i:i. 

600. 

81} pel' cent. 

3L 

373 ,, 

Coke oven gas, 460 P.T.U.s 
pen* pound. 


The mean brake' thermal etficiencyof the three tvvo-(*yele engines 
is per cent', while the brake thermal etficiency of llie four-('y(*le, 
\vliieh may be n'gai-ded as a, good avei*ag('. exapiple of engines of 
that size, is 31 per (icnt, a su])eriority of only 7 per cent in favour of 
tlui four-cycile engiiu'.. Comparing the indicated thermal etlicdcmcies, 
the mean of the thret* two-cycle engines is 37*7 i)er cent, wJiile the 
four-cycle gives 37 '3 per cent, a superioiity of I per cent in favour 
of tin' two-cv^ele engine. 

A 2000 Horse-power Cylinder. — In fig. 85 arc shown a 
plan and sectional elevation of’ a 2(K)() horse-power single-eylinder 
engine hy ,thc ,8iege,ner [Masehiiioidjau, which may he regarded as 
typical of’ (fernnin design. It will he observed that tin* eylinder is 
made in three parts. (1 ) The water-jaeki't, which contains also the 
exhaust belt surrounding the exhaust ])orts, and which is a com- 
paratively sitnple iron easting;’ and (2) and (8), twc) liard cast-iron 
liners pressed Ir from cither end of the cylinder so that they almost 
me«*t in the Thiddle, a small space 'heing allowed to pei-mit of 
expansion. The exhaust 2 )orts are ent half into each liner. The 
cylinder covia;s, which contain the whole of the combustion sjmee, 
ar(“. somewhat c.ornplieated t;astings, and, being necessarily of (!on- 
sidcrable thickness, are liable to internal .strains, *luc both to con- 
traction ill the />nouhl and to the considerable difl’crenees of tem- 
perature between the jnuer art'd outer surfaces of the walls. It will 
be observed that ribs are formed on the outside of the inner walls 
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. Fig. 80.— -(XK) Horse-i>ow er Single -cylinder Gas Bitowing Engine by the Siegener Maschinenbau 
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the water-jacket, one of the commonest sources of failure iu engines 
of this type. 

The contours of the combu.stion chamber ai-o. sucli that the air 
and gases, after passing tlirougli the valve, spread out in tlie form 
of a cone, their velocity being reduced as the. diamete.r increases. 
By this means, diffusion between the air and the exhaust products 
is reduced a minimum. 

Tlie inlet valve is of enormous diameter, 19‘6 in., and has a 
lift of .3T4 in., giving an effective area of 193 sq. iu. when fully 
o[)cued. This large valve has to be fully opened . and closed while 
the cranksliaft pas.ses through .about 91) degrees. When running 
at 90 li.P.M., the engine’s maximum speed, the time available for 
thi.s operation is only one-sixth of a second. The operation of so 
large a "valve and at si'cli a high .spewed jiecessitales extreme 
care in the design of tin*, valve-operating mechanism, which in this 
ea.se consists of a .side shaft driven from tlie. main crankshaft by. 
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bevel gearing. 'I’his shaft is in the form of a two-throw crank, shaft 
with cranks at 1 80 degrees, and to ensure ri.gidi) >' a b/‘aring is 
provided on either si(h“ of each cra,nk-wcb. A connecting-rod con- 
nects each,, crank-]nn with the rolling h'ver or "crocodile jaw’’ 
meehani.sm above the vjilve. Fpr closing thi'.se very large valvc's 
s])rin,gs alone are not relied n]>on, but are supplemented by a vacuum 
chamber al 2 ove.^lhe valv(‘. I’liis both assi,sts th(‘ spring and balances 
the valve against the jiump i)re.s.surc, which tends to hold it open. 
By this means, and by reducing the, weight of the valve, which 
is of high tensile steel, the tSiegener (sanpany ha\e .succeeded in 
producing a valve, gear which, as the authoi’ can testify, operates 
quite silcntlv and without apim*ciable wear or shock. 

Jfhe piston'’ i.s’ a plain iron ca.sting < if very simple design, and is, 
of (iounse, water-cooled, the siqiply of cooling-watei- being fed along 
the pistoTi-r<jt!,in the usual manm'r. 

A eros.s-section of an English Korting piston and rod is .shown 
in fig. H(>, and the autlior i.s not aware of any inqiorfant diffei'cnce 
between the English and German de.sign of this ])art. Its gi-eat 
length, < ouple<l with ^he large amount of water it contains, renders 
it very heavy. 
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The crankshaft is of the huilt-up type, with solid forged mild- 
steel webs shrunk on to the shaft. 'Plie conneetiiig-rod is of the 
usual marine pattern, except that it has a somewhat ])eculiar big 
end. This is not split in the ordinary way at right angles to 
the rod, l)ut in a plane parallel to the axis of the* rod and con- 
siderably above the centre line. The design dispenses with tin*, 
use of long bolts, and is very strong and aceessilde, liiit must bc^ 
considerably more expensive to msmufaeture than tlie usual type. 
The l)edplat(! consists of two main girders cast in sections and 
licid together bj» means of wrought-iron shrifik rings. The cylindei- 
rests on these beds with the plane4)f the feet on tlie centre line. • 

'^h(^ scavenge-jnmips are bolted to the outside of one of the 
jiiiiin girders, and both air- and gas-pumps are jirovided vvitli piston 
valves, operated fnnn an eccentric on the crankshaft, 'flic valves 
of the air-pumj) aie set to givv a full delivery of air at all times; 
lait those of tlni gas-puni]) can be revolved about their lods, and 
are jnovided with diagonal slots both in the xalve and liner. Thus 
by rotating them t hrough a 'small angle the cut-otf can be vari(*d, 
and a gieater oi' lesser propcnlion of the gas returnecr t(.> the suctiun. 
Owing to^the great size and weight of these? valves, they are not 
evijitrolh'd directly ’from the governor, but through tin* medium of 
a hydraulic, relay. As in tin; eaise of almost all large engines, 
starting is etl'ected by means of coni])resse<l aii', the aii- being 
admitted through a small spring-loaded pojipct valve fitted in each 
<o liuder co\ er. » 

A (*on.sul(‘r.‘il)lo uuiubor of these Icinn* siiiole-cvliiidor eft^iiios 
li.n’c been coiislrufteJ by tlie SieiviMicr ]\[ascljin(Mib;ni, and are in 
siieecssfiil opeiation ill various parts of ( 4 i‘i-iiiaiiy.# Tliey an* jiar 
liculaily suital)l(', foi’ drivini!; blast-funiacA' lilowiiii* - tulis. owiiii^ 
to the wide jaiij^i^ of spi^Ml* of wliieli tlicw are capable. 

Till* English Ivoi'tinc’ engine, as d(\sioiied and Imilt bv Messrs. 
Matlier & Platt, differs from the ^Tcrman design in its nieclianical 
features, which Inive been gjtvitly siinplilitul. The use of a side 
^^haft for o[)erating tlie valves has lieen entirely ^lispeiised ^dth, 
and tlie valves ojierated dircu't from an oceentric on tlie eranksliaft, 
a thoroughly sound meehanieal joh. The gas- ami ;*ir-])nmps are 
entirely different from tht‘ (.Ternian design, and their arrjjngement 
is very well shown in the diagramuiftti^* sc^etion (fig. 87 ). 

It will he seen that there are. two singlc-actiug air-^inmps and 
one double-iuding gas-pump in hetVeon, sti •arranged as to form 
one. long continuous liarrel. Pfston valves have been dispensed 
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w'itJi, aiul replaced Ity a larg<‘ iiunibcr of small flat-])late valves, 
the suction \alves being mounted on the pistons and the delivery 
valves on the cylinder covers. 'I’he arrangement as shown in this 
diagrammatic section is not altogether aboA’c criticism, for with such 


H large nmnbei' of snia|l valves there is always a risk of one or 
more stickijig open, especially if the gas is none loo clean, thus 
cjiusing unequal «listribution and serious loss of power. Apart from 
this risk, the leakage ‘is bound‘to be considerable, and access to the 
puni]) valves involves dismantling'a considerable amount of geai;. 
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111 the more recent designs these A^alves have been replaced 
bv a smaller number of large valves, mounted in cages whicli can 
l)c removed liodily witliout disturliing any other part of the 
inc(‘lianisni. On the inl('t side of the gas-pump it viill be noticed 
that a very wide port is provided, the effect of which is that tin' 
delivery stroke of the gas piston does not commenc.e until after 
this port lias been covered. The width of the poi't determines the 
“l('ad” on the air and also 1;he maximum (quantity of gas, and its 
(‘licet is precisely the same as in tlie German design, it can l)c 
^aried, witliin certain limits, to suit teases of different heating value, 
thongh, of course, l)y doing so tht air lead is also affected. 'Idur 
([uantity of gas is further ('Ontrolled l>y means of a butterfly ^’alve, 
which, wImui o])en,■allow^s the gas to ])ass freely from oim' side' of 
tlie piston to the otlici^- -a systcun wdiicliTlie author does wot greatly 
favour. It is evuhmt that with a given position of tlie valve, as 
“tlie engiMC speed in(*reases, the proportionate quantity of gas that 
<*an pass across the valv(' is reduced. Hence, thei’C is a tendency 
for a larger charge to entej- the power cylinder w^th iiuuease of 
s])ee<l, a somewhat unstable condition. Again, if tlu‘. valve Ts 
large, its action is* unduly sensitive, jtnd is liable to cause liunting; 
if small, tlu're is always the danger of its Ix'ing unable to pass 
enough gas at high sjx'eds even wdien fully opem. AVere this th(‘ 
cast*, It *is evident that the governor would lose control of thi'. 
engine, and there Avould lx* nothing to prevent it from ‘‘running 
away ^ ^ 

If th(' exhaust bacik - pressure increas'd unifoi*mly wdth the 
s]X‘ed, this objection would not ap])]y, for, as the back-pi’i'ssure 
rose, the pro[x)i’tion jxissed by the l)ye-])ass valve*wa)iTld incn'ase 
and the balance be restored. In pi-actice, however, this cannot 
be ri'lied upon, owing to the’]mlsations set up in the exhaust pipe; 
for, should the jxu‘i<xlicity of the ^exhaust synchi-ouize with the 
[Milsations in the jhpe or some function of them, it possible that, 

instead of a l)ack-])ressiire, (iven a partial va(*uimi J)e formed 
in the cylinder during tin* charging period, and an* exet'ssive claflgc' 
of gas drawn in. Again, even at a uniform sj)eed the exhaust back- 
pressiiri' varies v('ry eonsideral)ly, due to this ])ulsatTn^- effect. In 
cases wdiere a very short exhaust pipe ca<i b' used, disHiarging 
hito a large receiver, or exhaust- Ifeated boiler, and ;vhere the 
governing^ is very close, this system ^is perfectly s^atisfaetory, but, 
a general *rule, the autlior regards it as^ too sensitive to dis 
tuibftiK'es in the exhaust. In this respect tjie lycthod cmplov('d 
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in tbe Siegener engine, nncl referred to prc^viously, seems pre- 
ferable, for the charge of gas is positi\'(‘ly measured by the governor, 
and is not liable to serious variations, (‘ven with a widely varying 
exhaust back-«pi'(\ssure. 

Vjy ])r()viding very large valve areas in the pujn 2 )s, and unusually 
hu-ge inlet calves in the power cylinder, also by cajtdully adjusting 
the size of the exhaust ])orts, the pumj) losses from these eiigijies 
have been reduced to from 5 to (> per, cent at full load and normal 



tig. 88, taken from a 
single-eylin(li‘r engine 
of GOO hoi’se - ])0\V(‘i‘, 

® running at 45 If.T. M., 
sliow a pump loss of 
only 1*0 p(‘r cent, a 
r‘‘markably low figure. 
Thanks to the gr(*at* 


AIR PUMP SPRING A 



reduction in iluid 
I oss( ‘s , a m e c h an i cal 



(‘tficieiK'V of from 82 
to *84 j)(M* (‘(mt is 

obtained - a, figure 
l)ut little helow that 
of a good inoih‘rn 
four-cycle (*ngin(‘. 

The cylijjder, for 
all smalha- sizes, is 
‘'iisuallv east in one 


Yiir.Hs ]»iece with the wat(‘r- 

|ack(*t, no S(‘])aiate 

liner being employed, but in order to emsure a haid wearing surface 
for the piston and rings the inside of the cylinder bore is “chill(‘(rk 
For larger sizes^two separate lincj’s ar(i eni])loy(d. as in the Siegener 
cylinder. ,Tha cylinder covers arc sihiilar in most resj^ects to those 
of The 8ieg(mer engine, and are maile interchangeable, a blank 
water-cooled plug being inserted in th(‘ back cover to fill the 
opening forTTie piston-rod. No tail-rod is employed except when 
the engine is used fori driving a blowing-tub oi* pump. The use 
of a tail-rod is considered to be unnecessary owing to the great 
length and larg?^ bearing suifaiie of the piston, the under side of 
which' is padded with white metal. To pj-e\’ent risk of cutting this 
metal, and also c>f scjaping off tlie lubricant, no exhaust ports are 
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provided iu the under side of the cylinder. The crankshaft is hiiilfc 

’.I}), the webs and balance weights being of cast steel shrunk on 

to the shaft and crank- pin; no keys or steady pins are fitted, 

.slniukage alone being relied upon. This is ])erfectl^ satisfactory 

provided tliat the crank-wehs arc deep enough to withstand the 

lairsting stress due to tlie large degree of shriukagi* necessary. 

Idle remainder of the eaigine calls for very little coiniTient, siu<;e'^ 

it is built on the most ai)proy(“.d steam-eugnu'. lines; grc'at strength, 

‘^im^dieity, and low cost of manufacture being aimed at throughout. 

(Vimparcd with tlic Germaij, the English Korting is certainly a Aery 

iiuirh neater and more workTnanlik^^ job, an’d is undouhtedly superior* 

iu mc(;hanieal (ifficienev. 

“ • 

The Duplex -Engine. — The Duplex eiioine, Avliic'li Las luuui 

rn iuitly phi<*e(l on tlgi nniiket by JMessrs. Mullier & Pljitl, is Iniilt 

In the (lesiniis evolved by Mr. Allan CJhorlton, and, in the autlior’s 

" (>|)inioiu ii*(‘]iresents a very ini])ortant adA^ance. Lik(‘ tlie Fnllauar it 

IS botli siin])lc and <‘tti('ient, and above* all it s(*eins to olVer a p(),ssil)le 

solution to the problem of the really hiu;h-[)()\v(*red gas-engine, foi* it 

(lonbl(‘-a(*ting, and at tln^ same time it is eajialile of opei’ating with 

a Jiigli mvm\ presj^ure and at a high piston s|)e(M. Thus the s]j(*eilic 

l)ow(*r of (‘.a('li eyliudiu- is very great, while, owing to the spe(*ial 

ilesigu of the (*ylind(‘rs, little* trouble m*ed be feared from uneipial 

expansi()n, exen with \ejy large* eylinders. 

Fig. 81) shows a vertieal seetioii e>f a twin-unit l)u])lex engine*, 

de^sigiied tt> elevelop 1000 B.H. F. at a spe^eid of oOO It will 

t)(* obsewveel that eaeli unit e^onsists eif two donhle-ae*tiiig peiwer 

• vlinders, coiinectee.1 together te)p and bottom by e*ommon e-ombus- 

iion e*hambers. Around the^ middle of each eylinder ^'s a l)elt e)f 

ports, as in the KeiJ'ting engine; one set of ports is for the* exhaust, 

and the other for the gas and air inlet. In tliese two e*ylinelers are* 

|)ist()ns, whie'h rereuprextate teigvtlu'r, one eemtredling the iidet aiul 

ilu‘ e.»then* the exhaust })e^its; the pistem e'ontrolling the latter has 

a leael of about 15 de*grees ajiead e)f that exnft red ling the inlet. The 

exljanst ports, moreoA er, are slightly deeper, so tlrat, e)wing to iinnv 

lead and their greater depth, they are ejpeneel semie 19 te) ‘JO ele'gre*es 

ahead of the inlet ports, and are closcel some 10 to ,iegre*es before 

them. ^ , 

w 

Gas and air are supplied to the kdet. ports by means of douldo- 
actiug reciprocating pumjAs of ])eculiar form, for, iii addition to the 
pistons, tlie iftner wall of tlie cylinder also i-cfilnocatos, and iir doing 
so (»][)cn,s or closes ports cut in tlie* outer cylinder wall. 'Phis foiiii of 
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valve gear, known as a sleeve valve, has been successfully employed 
in tlie light high-sjx^ed jjctrol -engines used foj* Jiiotor-cars, and has 
much to I’econinu'nd it for this purpose, pi’ox'idtul tliat the gas is 
clean and ivasonalily free from tar. Jt ofieis a very hu-ge port 
aj’ea, and is positive in its action. Moreover, it is possible with 
this arrangcmient, without aii}' increase of (‘oinjdication, to give a 
.•^e^c'endary ?di*-scavenge for tiui purpose of clearing tlie ports and 
passages of any gas that may be lingering there. As in the Korting 
engine, cai-e is taken to ensure that tlie gas and air shall not conu'. 
into contact with one" another .outside the cylinder, and liot only 
•jii-e separate passages lunivloyed, but a separating rib is fitted i*ound 
tlie outside* of the (*yJindei‘ surrounding the iylet ports. 

One of the most important features of tin* design is that the 
cross-s('ction of the combustion (‘liamber at .‘yiy point is circular, 
and conse(|uently the thickness of metal (ian lie reduced to a 
minimum, Iicik'c the internal stresses due to the teinjH*ratu,ve diffm*- 
ence between the inner and outer surfac.es are also leduced to a 
minimum. These stress(*-s are still further icmIucixI by tJu*. absences 
of any large * bosses, valve ])o(*kets, passages, or llanges which 
necessitate a (diange'of thickxess at any one point. i;^inci* it is 
tliese stresses, due to temjierature ditference 'and pressui*e, that 
in practice limit tlie sizi; of cylinder, it is reasonable to sup])ose that 
veiy much larger cylinders could be* succHissfully cmidoyed in this 
type of engine than is pc)ssible Avith oth(*r ty])es. At the same time, 
owing to tire fact tliat tl^c cylinder is double-acting, a A(*ry high 
specific, power can be ol)tftiiu*d from a conniarativtdy small cylindei’. 

lieference to the sectional drawing will shpw that the cylinder is 
constructed iin three jiarts, tin; central pai*t eonsisting of the exhaust 
and inlet belts, into which the lialves of the eylinders are spigoted. 
In this design the only flanges required'for the cylinders ai*e situated 
close to the ports, and therefore at the point of lowcvst tcmp(ii*ature, 
a consti'iietion Avhieh permits oV free expansion in any direction. 
All risk of craeking tli^ water-jacket, due to tin*, gi'eatcn* expansion 
of t^te iniH*r slu*ll’of the eyiinde.rs, is completely avoided liy easting 
the eylinders witliout any water-jacket whatever, and simply im- 
mersing tlicus^ Vjodily in a large tank. For convenience of manu- 
facture, th^^ two lia-lves ^of tin*, cylinder are identical, th(* opcun’ngs 
for the ])istoii-rods in the «half l)eing filled by means of hollow 
plugs, wliieli earifbe w^ater-jaeketed if necessary. 

The pistons are nfachined from mild ste.el and are., mac'ie in two 
lialves, bolted together round the (urcumferen(*e. Besides tlie gmit 
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reduction in vf’eight that c-an be effected, mild-steel pistons huve^tlic 
advantage of much greater reliability tlian cast-iron, for not oiil\- 
can tliey be made thinner, and lienee the temperature difference 
between the inner and outer walls, and consef|uent stresses, reduced, 
but the material itself is better able to resist such stresses. Their 
use, however, foi- large engines is only po,ssible when, as in this ca,sc, 
they are relicveil from all b(*aring ])re.ssui'e by mc'aus »f externa^ 
cro.s.s-lieads. 

'I’he governing of the engine is effected by throttling the sup]>ly 
of both gas ainUair simultaneously governing the gas alone Avas 
fonud to be insntKcient, owing to the gri'at- amount of diffusion that 
takes place in the inlet^ cylinder ; only by controlling both the' gas 
and air jirpportionately has it been found possilile to obtain regular 
running on tlu' lighlyst loads. It has alreadt’ been pointed out 
that it is desirabhi to reduce the supply of air on light loads in 
• an}' cascj foj- by doing so tin; Huid losses can be reduced and 
the mechanical efficiency improved. 

The crankshaft of this engine is neces.sarily .somewhat ])eeuliar. 
No bearing is inovided betwcmi the two cylinders in the late.st 
design, in ynler t» keep them close together aiid leduce the length 
of the combustion chamber as far as po.ssible. Owing to the lead of 
the exhau.st piston, the crank-pins for the two pistons are out of line 
to the extent (»f about 15 degree.s. Such a .shaft would lx* most 
difficult and costly to forge and machine from mild .steel, but the. 
difficulty has been overcome by employing a single s*,eel casting 
for the two crank-webs, balance- weight.s, and crank - pins, ' this 
casting being boi'ed out and .shrunk on to the .sections of the main 
shaft. d'he <'mployme,nt of a steel casting in this manner is 
perha]).s a .somewhat daring «le2)arture, but it appears to have been 
ju.stified. 

A])art from the crankshaft, the re.st of tin* engine conforms 
almost e.xaetly to modern high -.speed steam-engine practice, an 
enelos(*d crankcase being employed, with forced lubiicatiou to all 
bearijigs. In fact, as an illustration of the great .similarity between 
this engine and an ordinaiy verthad steam-engine, it is worthy of 
note that the first Dujilet (;ngines built were concerted from 
ordinary trijile-expansioii .steam-engines, and that the onlyyerious 
alteration nec(‘.s.sary below the entablature ivas the provi.sioii of a 
new crankshaft. The high-pre.s.sure cylinders were yeplatibd bv the 
.scai'cngin^-pumps, and the intermeiliate ami low pre.ssure Im’ the 
two jjylinders comprising the Duplex unit. The same cross-heads. 
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slides, eonnecting-rods, bedplfite, and standards were employed 
witliout any alteration. These original engines, wliieli have a 
maximum power of about 700 I).!].!', each when eonsuming ]\lond 
prodiK^cr gas, ^ are at work at Ui(‘ Castner Kellner Alkali Works at 
Ituneorn. 

The prineipal objection to the Duplex engine, in the author’s 
'*\^)iiiion, litfs in the want of balance. Since both pistons are virtually 



• Fig. no.- 1000-TJ.H.P. Di^ilrx Patent Valveless OaK-rnginc 

coi4^ie(;ted* to ^ht same ca-ank-pin, anJ ri^e ainl fall together, the 
balance is no ))etter than a single cylinder whose rcci[)roc.a.ting ])arts 
an? e(|ual ii^w^?ight to the two sets eniployecl in the Duplex. This 
objectioji (?an b(? mitigated to somt* extent by th(‘ employment of 
two units with (rranks at J 8i), degrees; but, (*ven so, there is a large 
unbalane(‘Tl couple, due to the distance apart of the centre lines 
of tliQ two units. Fig. 90 slfows a photogra]di of the D/00 horse- 
power Duplex gas-engine; its neat and compact ajipearance is ^v cry 
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striking, but it will be observed that 

the distanc.e betweiui the two units is 

very grc'.at, owing to the fact that tlui 

scavenging cylindiu's have been pla(!(Ml 

between and not outside them. No 

data are available as to the niechajii<*al 

(efficiency, thermal efficiency, or ])umj) 

losses of these cJigines. It j.s l^y no 

means an easy matter to obtain gn 

a(*('urat(‘ iiidi(*at( 1 r diagranj from 

giiKM using two pistons slightly out of 

])has(*, for it is n(‘eessavv to drive the 

in(]i(*ator IVoni some’ gear whose motion 

is at all times an tjxa*'t mean b(‘tween 

tliat of tin; two 2)i'^tons. Su(‘h h gear 

is t(K) (‘ostly to fit- on an oidinary 

engine built for ('onini(*reial purp(.)S(‘s. 

and (‘oiisecjueutly, until jv(*,ently at all 

(‘V(‘nts, no a(uaii'ate diagrams ha,V(* Immui 

taki'ii from* a. DipiTex (‘iigiiu'. • 

Ulmer Gas-engine. — The Ulmer 

gas-engine, built by the Ueading Iron 

Works of .P(‘iinsyl vaiiia, IbS.A., is an 

entirely innv niacdiine designed M)ni(‘- 

what on the lines of tlu^ Korting engine. 

but ('.ontaining (*.ei'tain radi(*.al d(‘par- 

lur(\s ircmi that desigi/ whi(‘h make it 

most interesting. Fig. iU shows a 

sectional el(‘vation, fig. \)2 a. diagrani- 

matic section illustrating tlu’. acXi(.)n 

of the (‘(jinbiiied air-s(*avenging and 

' ‘ • 

('harging 2)unip, and tig. !):] a section 
of the water-cooled 2)i.ston. • ' 

lieferj-ing first to the se(*tional 
el(ivati(.)n, it will be obsei'ved that 
the inlet vahes are mounted hori- 
zontally in the ends of the cylinders 
atid an* sujjjDoi-ti'd ly long internal • 
sleeves, whi(*h, owing to their am2)h* ^ 
b(*aring surfaiV, remove the common 
objection to large* horizontal valves. 












r 






m.— Sfctionjil KU vation of evHii<lei> aiiiWjutliilato of Ulmer (.Ta>4-engiiie 
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Tlie valve-carrying slotnc at tlie front end of tlie cylinder serves 
also as the stuffing-gland for the piston-i'od. I’liese valves, it will 
be observed, have no springs, and arc opened and closed inechani- 



Fii; — Diayraiii of .Scjneiiy^iiiy uiul Vuinp of llliiifi (ias-i'iigjDc 


cfilly l)y niFfnis of a action Avliicl) must i-C(|iiii‘c \ovy can^ful 

fidjustmeiit? The (*oml)U.‘itioii cliaml)ei* is in the Idriii of a plain 
water-ja(*ketc(l distance ^)i(H‘c, afid jircsents vciy little' surfaea' to 

• the burnimj; ^ases, so 
tliat till* heat loss to 
this ])art should l)e 
eom])arative]y small. 
On the other hand, 
th(» sliaj)(^ is liardly 
eondueivi'. to o'ood 
scavenging, and, in 
the autl)oi-’s opinion, 
Fig. 03.— Sccti^L oft'Water-coolcd Piston of niiiiLT (ias-fiigirn tla'l'C W'ill ))(*, a tCII- 

denev for the inconi- 

• « 

ing gas to sweep along tliQ walls of the cylinder, and so out tlirough 
the exhaust por^s, hiaving the ccntr,al core of exhaust gases undis- 
turbed. The positioh«?)f the igJiiter, always an important considera- 
tion in two-cycle explosion engine's, is not shown. 
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From a mecliaiiical point of view tlie (lesion of the comluistiou 
('.liamber and (j}dinder cover seems ('xcelhnit. Both are simple 
(tastings, \vlii(;li should l)c‘. free from initial internal str(»sses, and, 
being (;ircular in cross-section, may be made of uniform thickness 
and ('oiijparatively thin. The (*yJinder (‘ovei’s pro|)er\ire not ex- 
posed to the lieat of (jjoinbustion, for they are shielded by the valves 
and the val\ (‘-('arrying sleeA'es, tlu* latter being plain wfwtei’ (tooled 
cylinders. TJu' cyliruhu’ body itself follows the usual Korting 
design, with two separate liners jm^ssed in f]*om either end, and 
almost butting in« the centre. , 

TJie scavenge-j)uinp is Ingeniou^s. A single-punii> (wlinder is •. 
used botli for th(‘ pi’iiiiaiy air-s('avenging and for introducing the 
mixture. This is a('.conii)lisli(‘d by lilling tlie *])assages connecting 
the scavenging - ])ump and the main iniet valves with jhire air 
at the (‘ud of oaidi sc-avengc stroke, whicli air is forced’ into tlie 
(‘vlinder. aluaid of tin* ('oinbuslible mixliii‘(‘, at. the commenceincni 
of th(‘ n(‘Xt strok(‘. Looking at the diagramniatic se(*tion, it Avill 
be ()bs(*rve 1 that the passage?; leading to the main inl(‘t val\cs 
contain an inUMUial pijie for })art of their length; this internal l)i]J(‘, 
is eonne(‘t(aJ to the ])um[) (*ylinder tjirougli a/i (jscillating Aalve. 
wliich put> it altenuKidy in communication Avith the jiuni]) cylinder 
and the gas Mi])|)ly. The (‘Xternal annular [lortion of the pas.^iige 
is in direct c<)minunication with the pumj) at all times, and is also 
in coiiiinunication with the inner pip(‘, by means of a numlier of 
holes (Irilhnl round the latter, near the end where it joiu'j the main 
inlet valv(‘. When tlu‘ ])ump ))is 4 :on trawls out on the sucfion 
stroke, the osc'illating valv(‘ on tin* inner ])ipe is open to air, AvJiich 
is drawn in through this pijie, thence thrcmgh the liolijs ii^ the. outer 
pij)(', and so into the jninip (‘vlinder, tilling thi^ whole passage with 
air. At a certain ])oint in tiie justcm stroki* tin* oscillating \'alve 
changes oviu’, cutting otf communication between the inner pipe 
and the air, and opening a direct p()Vt betwecm the pump cylinder* 
and tlu* mixture supiily. Thereafter, till tlfw end •of Tin* stroke, 
combustibl(‘ mixture is drawn into the punij). ^ ^ 

(.)n till* delivery stroke, the oscillating valve clo.st's the inner 
pipe both to gas and air. aild puts it in communiciy.i(*ii Avitli tln^ 
[lump. As soon as the main inlet valve opens, the conteiits^of the 
jmssages, which I'Oiisist of pun^ air, are jirst^dfiven into the eyliiuler, 
folloAved by the charge of combustible Jiiixtiire. Near tlfe (Mid of 
the stroke,* the.pisl on o\ (M*runs a smalt jiort, A^dfic-h allows the j.*om- 
bustilile mixture entrap|)ed in tin* pd(‘aranco spai-e to pa-s round to 
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tli«’ otlier side of the piston, thus avoiding any idle’ stroke due to 
the gases re -ex pan ding in the cleiii'anee space. The whole scheme 
is exceedingly ingenious, hut it is doubtful whether it is really 
worth doing, for, although lueehauieally fairly simple, it involves 
passing the air and gas through somewhat tortuous passages at a 
higli velocity and with violent reversals of dire(^tion. This must 
cause a very considerable amount of iluid friction, due to two 
separate pumps. 

The idea, of making one. single piece of jneeliajiism perform 
several different funelions is at,wa\ s attractive, am^ esj)e(aally fascin- 
ating to anyone of an inventive turn ol mind, but as a general rule 
such combinations do not tui ii out to be ])ractically or commercially 
.sound. Such a comuination scavengiug-jmmji.as this is bound to 
be very sensitive to sudd/ui changes in tlie exhaust back-pnwsiire, 
and, in tlie author's opinion, it is very doubtful whether it will give 
such good results as either a single pump delivering combu.stible- 
mixture without any air-.scaveng(*, or .separates air- and gas-pumps. 

Governing in this engine is cariicil out by means of a bye-pass 
A-alve on the pump cylinder, in much tlie same manner as in the’ 
English Kortiug. 

In common with the English Korting, the vahi' gi'ar of the 
Ulmer engine is driven direct from the ciankshaft by means of an 
eccentric, ainl is evidently modelled upon the standard .VnuTican 
f'orli.s.s steam-engine gear, which it re.scmhles very clo.selv. 1’he, 
piston of the Ulmer engine resendiles that of the Dujilex, and is 
con.^tructisl in two halves bolt<‘d together round the circumference, 
but unlike the Diijilex it is made of cast iron. I’he bearing surfaces 
appears to, be somewhat iuadetpiate for a hoiizontal (‘iigine in which 
no tail-rod is fftt«‘«l, and in which the whoh* (»f the weight of the 
piston has to be carried by tin* liner. The .sy.stem of making the 
piston in two halves, bolted togetlu'r in the middh', though excellent 
for vertical engines, is not viu'v suited to the hoiizontal type owing 
to the great rwluetioir in the bearing; surface which it involves. It 
W'JI be netted' that, as illustrated, the 'bolts in the piston could not 
be inserted unless .separates nuts Avere fitted at each end, always a 
trouble.sf)ipc iKrrangement. 

Apart fi'om the cylinder and .scavenge pumps, the engine follows 
the usual conventional (Ic.-dgn for American steam -engine.s. An 
OA'erhung-' ci-ank. i.s employed, which is standard practice in America 
for almost all horizontal .steam- and ga.s-engiue.s. It certainly reduces 
the cost of the crankshaft, and permits of the use of a solid, box- 
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type bearing for the big-end of the conneetijjg-rod. On the other 
hand, it Tiecessitates a very mucli lieavicr bedplate, since the stresses 
are not carried direcdly from the cylinder to the crankshaft. 

Th(! following tests have been carri(*d out upon a 300 horse- 
power Ulmer engine and producer:- ' 


Duration of tost 

33 J hours. 

(Iriulo of coal 

Westmorland bituminous, at 
14,100 ilT.U.s per pound. 

Average loiul 

■2.S4 lb. 

Coal consuiuptioj^ (per B.ll.P. hour) 
I’roducor <'rticioiicy on lower heat value 

114 lb 

of gas 

04 per cent. 

Coiubinod tluwuial otficieiicy of engine 


and producer ...’ 

15-7 

Hivike thei'inal etticienev of eiiiriue 

■m „ 


Indicator cards taken duiing these tests arc shown in fig. 04. 
The brake thermal ef^eieney of the engine is distinctly low for a 



ITg. 111. llliiior (’iriii-tMigiiii'. DiJigiaiiis ln»in workm” Cylimlor :ind riiiiii* 


machine of this size, and this i.s probably due in a large measure 
to the Iluid losses in the ])nm]) eyliiAler, and perha])s tt) incomplete* 
scavenging due to the unsuitable .shape of tho com bust ion chamber. 



CHAPTER XIX 

SMALL TWO-CYCLE ENGINES 


Tlic onlines aliead)’ doscri'KHl luay lie tfikoii as fairly r'^prc- 
seiitative oi tlic loadiiin' types of large two-eyele gas-ei)giii(‘s; there 
are, of course, juiiueroiis other exauiples ou the market, hut they 
differ from the. forogoiiig^oiily in details. 

It \Yill now he well to ('xamim* some of the smaller types of 
Iwioeyele constant-volume or exjdosion engines, such as arc used 
foi' motor boats, automohiles. &e. 'L'he.se engines run at \erv high 
rotative speeds, and eonseijuently entirely new factors aiv intro- 
duced into lii(‘ prohlem. The diiiicnlty of ohtaining a good me- 
chanical eliicieucy is Aauy mi’.-h intensified iji the.se .small engines, 
owing to the inertia of the gases in the jtipes" and ])assages. which 
increases the flui<l losses enormously, (lood rotary halanee laa-onies, 
in the authors opinion, a matter of paramount imjiortance. for not 
only is such halama- essential fr<im the point of view of mechanical 
(‘tfieiency fi^.. high sjieeds, hut it must also la* rememhered that the.se 
engfnes ajv generally very light in themselves, and are often 
mounted on a very light .structure, such as a boat or automobile. 
In such ci'se.s.‘iny vibration will cau.si' serious injury both to the 
engine it.self and tin* re.st of the machine, be.sides being most 
objectionable to the oc,cu|)ant.s. Also, owing to tin; high .speed, 
th(! increased inertia elfcds of the ri'ciprocating parts throw stjvere 
loads on the bearings, in .some ca.ses considerably in excess of the 
fluid jircssure. 'caudiig exce.s.sive fri.'-tion and wear mdc.ss ,spe(;ial 
atp'ution is jiaid- to the, lubrication ofthe.se parts. In one re.spec.t, 
however, the two-cycle engine is better olf than the four-cycle, 
namely tlu'^ rowing to tin; gnaiter number of impulses, the fluid 
pre.''sures bear a greater ratio to the inertia pre.ssures. 

in .simfll high-.speed engine.s, on the other hand, the (pie.stion 
of expo.sed surface in the combu.stion chamber becomes of little 
im])ortanee. as also d(r!s that of internal stresses in the metal walls, 
lor the.s(' arc. in any case, .so thi'n that the temperature difference.s 
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betwc'en the iiiiiev and outer surfaces are very small. With mr]\ 
engines the questions nf ])rimary importance are thei'efore (1) good 
rotary balance, (2) liglit reci[)rocating parts, (:]) free flow for the 
gases, without sudden l)ends or violent reversals of dir(M!tion, (4) a 
careful study of the pulsations or pressure oscillations iii the exhaust 
])ipes and other passages. 

A number of small [)(‘trol-engines on tlie princi])le of the Duplex 
engine, suitable for automobile and majine. purposes, have recently 
lK‘en introduced, ein])loying tile inverted U-type of cylinder, su(*h 
as the Liaais and [.amplough. Idlest* engiht's differ in certain 
respepts ac(*ording to the aims of 4lie designers. Mr. Lucas and 
Mr. riamplough havt* considtU'tMl that rotary balance is the funda- 
mimtal consid(*ration, and ha\e designed their '(‘iigines with a view 
to securing such balance, wliile .Mr. Lucas has gout* still fuitht*!-, 
and, with tlie aid of two cranksliafts, has sccurtal reactionary l)alance 
as well. 

The Lucas Engine.-- Tin* Lucas engine is illustrated in 
tigs. 95 and 9(), from wliicli it Will lie seen that the two ])istons are 
(‘at'h (M)iin(*(‘ted to a scpai*ate cranksliaft, the two shafts 'being geart'd^ 
togt‘llu*r by^m(‘ans j*)f t(M‘th cut round Jthc outsid'c of the crank-W(*b. 
Each shaft is mount^»d with a fly-wheel of e(jual weight and (‘([ual 
njomeiit of im^itia, but the* drive is taken from one shaft oidy. ^By 
this means perlect reat'tionarv l>alance ('an be obtaiiuMl, for tin* 
reai'tion dm* to tin* ])Ower stroke*, inst(*ad of t(*nding to rotate the 
whole engine anuind tlu* craidvshaft, tends to force tlu* twp ('vlinders 
aj)art, but })ro(luces no displacem(*nt»of the whole mass of the engine. 
Bv the use of two ci’ankshafts, also, a verv fair rotational balance 

■ f 

cjiji be etfected, if balanct* W(‘ights equal in mass to thg ]ei;iprocating 
parts, and at the same radius, are attai'hed to (‘ach crank; but the 
(‘rror due to tlu* angularity" of -the connecting-iods still renifiins. In 
fact, the primarv t’or('(*s an* balanced, but not the secondarv, the 
condition being the same as in tlu* *tw'o-cyliiid(*r Fullagar engine. 

|)ealing fiist with the (!V('U‘ (d operations, it Wf/l iTe observed 
that, unlike the Duplex engine, the exhaust piston has^ju) lead, aiyl, 
cous(*(Juentl^^ V(*ry deep exhaust ports liavi* to be used. These* 
ports actually o])en no less t'han ()()i degr(‘(‘s beliin* 4he^ bottom of 
the stroke*, which is eepiivalent to a loss ed' stroke of iu*arlv JfO per 
e*ent. The inlet ])orts are unetovered puly^^ fl degrees l;rter, which 
represents a veiy small amount of leatl wdien e*xpressed ifi degrees 
of the crafik; ,])ut it must be rememlfered tlujit* with deej) exhaust 
])ortj^ the o[)ening is very" rapid, owing to the high velocity (d‘ the 
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piston at tins period of its stroke. Expressed in percentage of tlie 
stroke this lead amounts to about 8 per cent. More eftie-ient sea- 
vcngiug could prol>ably obtained if the design of tlie combustion 
chaml)er were inodilied to the form of a gradually expanding cone. 
For senvenging, crank-chamber displacement is eni])]oj^ed, a system 
Avhicli has aii’eady l)e(‘n discussed. In this particular case the 
clearance spact^ has l)oen reduced to a minimum by fitting, in addi-,, 
tion to the balance weiglits, hollow aluminium Ifiocks Lo fill up as 
much of the spa(*('. betwemi tlie crank ilisks as possible. 

On the upwcjrd stroke of the ])istons, air enters through the 
largi*. spj’ing-loaded mushroom valj^e, ami passes into the crank-.- 
case. At the same time a thhi tapered needle, which is attached 
to the valve, and vvhicli normally closes the/ petrol jet, is I'aised, 
ami ])ctro] is allowed to flow into the (‘gnn(‘cting ])assage/l)etween 
[h(‘ inlet ports and the (‘rank^;ase, where it vaporizes.' As the 
pislons descend, the musliroom valve and the needle valve ai*e 
<dose(b and tlui air within the crajikcase is compivssed until the 
inl(‘l [joj'ts ar(^ uncovered, whe'n it jiasses into the cylinder together 
with tin' petrol vapoui*. It is obvious that })y this int'ans (>/ 
,s(*avcngin|L^, unh'ss tln're is complete /.lilfusion between tin', air and 
[)cti<)l vapour, the hitter will be driven into the cylinder ahead 
of the air, and ajjy gas that is lost through the exhaust ports, will 
1)0 a j-ich mixture of petrol vapour and aii-. AYith crank-chamber 
scavt'iiging, however, the scavenging elticiency is poor, and the 
volume of working fluid enteriiig the cylinder small. Jt is i)rob- 
aljh‘, therefore, that very little fuol reaches the exhaust ports/ and 

that the loss from this source is trifling. 

< ' 

'riic ])riniai v oltjcc-t in sojtamtiiig tl'.o air aiul, j)e±rol vapoui- 
duriiio- tliv suction stroki* is to prevent tin* charge in the crauk- 
chainlicr tioiii hciiig ij*nited when the inlet ports are lirst uncovered, 
^’his is a risk \vhi(;h is ahvav.s liable to occur when, from defective, 
cai-buralion, or other <‘.aust*s, conilimttion in the cylinder is delayed, 
and the tenijierature of the gasses in the. cylinder, af'tliP time when 
the inlet port is ojxined, is above the. ignition tehijierartiri' of jhe 
fresli charge. JMr. Lucas has sought to jirevent this occurrence by 
interposing a layer of jietiol vapour in the passage, .yvliich does 
not contain sutlicient air for combu.stiou. 

Control of the emjine is etfected Uv moa'ns of the throttle'valve 
in the (^oniieetiug ])assage- a very good arrangement, id that the 
velocity ftf the ga.se.s through the fulet poj-t» is reduced pvopor- 
tioiyitely with the load, and hence the degree of ditfusion is also 
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lessoned. INIoreovcr, with the throttle partially closed, the mixture 
imiiKidiately over thi‘ inlet piston will be richer and more readily 
ii»’nited. 

Considering- the ineelinnieal features, it will be observed that 
the ('rankshaft is mounted on ball-bearings -a very excellent 
arrangement for an engine of this dc^scription, where the lubrication 
^of the im'in bearings ])resents considerable difficulty. Ball-bear- 
ings, if frt‘e from rust, will run for a great many years without 
anv measurable A\’eai- iuid with tfie most meagre lubrication. 
'Hiey are open to the ol>jecBon, however, that they cannot be 
• made really silent, and. all engines fitted with ball-bearing crank- 
shafts ar(* distinguishable by a slight “growling ”, which is exceed- 
ingly difficult to locate. In this case, however, th(‘ noise of the 
ball-bearings will probably be indistinguisJiabli* from that due to 
the crankshaft gears, although the author f(‘('ls bound to admit 
that these gears are surprisingly quiet in jjractice, at all ev(‘nts 
wJieJi the engine is new and in good condition. Leakage of air 
through thi‘ bearings is prevented l/y meajis of fa(*ed washers be- 
tween the ei’fiidv-web aiid the wall of tlu* eraiik(*a,se. These washers 
arc* kept bearing hard againstdhc* walls of the. crank-c'hamber by the 
sim])]c* dcwice of u.sing single helieal geaj’s for thc^ ca'ank disks, 
and, taking advantage cd* the unbalanced thrust from these gears 
for this |)ur])os(‘. 

For thc.^ Jubric'atiou of tljo <*onuectiug-rod bearings, eoncentric 
grooves ai 7 * turned in the outside* of the crank disks, iut<» which 
a siiiall amount of oil is fed. From llieso groove's it is driven l>y 
c'entriliigal fore:e through the hollow erank-])iii to the lag-end bear- 
ings. and t'om* thence it is e‘ondne*te‘el i(» the smalbend b(.‘arings by 
me'aiis of light copper pi[)es. It will be Jioted that the^ (‘vliiiders 
me not mounted directly over the crankshaft, but that their cemtre's 
are ('onsiderably closer. This is done for two n^asons: (l) To 
reduce the length of the combustion spaeio as far as possible, and 
(2) to reduce? 'the angular thrust of the connec.tiiig-rod upon the 
(•v,bneler waif during the exj)ansiou stroke*, a somewhat doubtful 
advantage. The greatest care has been taken to reduce the weight 
of the* pi.st^)n.S|,and e?oi)necting-rods to the lowest possible limit, and 
with tljis end in view the gudgeon-pin is fitte*d considerably higher 
up the? piston tlian i.s custoiiv.uy. The most striking feiature? about 
the? JiUe?a.^ engine is its extieiiic sirnjdieity and neat and compact 
ap[>carancc. Tlic twp (y]ind‘ers, toge'thcr with their, water-jackets, 
(?onne(?ting [)assages, ami eailmrettor. are all e*ast in one piiice, Y'hile 
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tlic craiik-difimber is of tlic simplest possible design. In practice 
the engine runs Avell over a good i*angc of speed, but owing to tlie 
use of craiik-cliamber displacement the mean pressure is very low, 
and falls otf rapidly with increase of speed, while very liigh speeds 
arc unattainable from the same cause. Tlie fuid eonsiun])tion is low 
for an (mgine of tliis t 5 "pe. The engine is fairly silent, and the 
})alanec excellent except at tlie higlicst speeds, wlnm the want of 
secondary l)alance is observable; but owing to the extreme lightness 
of the reciprocating parts tin’s is comparatisa^ly slight. Tin', absence 
of any j-otary r^^coil is most noticpable, esj^ecially at low sjx'cds, 
but. the fitting of an extra fly-ivheel adds considerably to thv* 
weiglit of the engine.^ which is already above the average for 
engines oif the nmtor-car tyjie. 

The maximum power obtained from this engine is apjiroximately 
20 B.ll.V. I^hc cylinders are h|-in. liore and oA-in. strok(‘, but, 
owing tr; tlic low brake mean pressure, which ranges from 58 lb. 
per sejuare inch at 200 R.P.M. to 20 11). jjcr square inch at 1500 
li.r.M., the specific power iif relation to the size of tin* cylinder is 
low when (ioinjiared with a four-(*ycle engine of ecjiial eylindfi- 
dimeijsioi^^s, and nniouiits to only 1 4 B.II.P. fdi* every 11 cn. in. of 
swept volume. The Lucas engine in its [iresent form was first 
placed on the market in 1905, and since that date the dc>igji has 
not beefi changed to any a})pre(*iahle extent. 

The Lamplough Engine. —Tlic l.amplongh (uiginc, illus- 
trated in tigs. 97 and 98, is a recent production, and ccwitains many 
original and iiigeiiions fcatnr(‘.s. Its desigiiiu’ has evidently considered 
that rotary balance is of the first importance, and, with this end in 
view, he lias sought to balaiiee the power pistons byjiieaiis of a roin- 
])osite pump piston of e(]Ual weight, connected to a se(*ond ci’aiik at 
J80 degrees to that of the ]X)wer crank. The arraiigeinent ne(*essi- 
tales the use of a receiver between the pump and working eylindeis, 
always a bad feature in two-cycle engines which seavenge with com- 
bustible mixture; for, if the receiver be mad'^ of vci*y small ea])a(*ity, 
the ])iimp losses become excessively higli, owing to the high pres|;iii(* 
generatc'd in it, and released wlien the inlet ports are opened. Tliis 
liigh pressure, besides ineilrring excessive pump U)ss^ produces a 
high velocity tliroiigli tin* inlet jiorts, causing an unnecessary 
anioiHit of ditfusion between the fre^li (.jharge and tln^ procTuets of 
combustion. If, on the other hand, the reeeiA^er j)C nufde cf large 
capacity,* ex(¥'.ssive eondeiisatioii anti prccijuteition will taki* place 
in it, and a fire-liack into it will he serious, for it will foul the fresh 



262 


THE INTERNAL-COMBUSTION ENGINE 


chaige trom the pump for n considerable number of ' revolutions, 
and not only cause the ejigine to miss fire, but produce such slow 
l)uniing of tlie next few ehai'ge.s as to incur the risk of a second fire- 
back tlii-ougli the inlet ports, and so on until the engine is cither 
stojiped or its 'speed very much reduced. Of the two evils the use 
ot a small rc'ceiver is tin' h'ss objectionable, and in the Lamplough 
eiigiiu! the f’vcciA er is of extieniely small capacity, hence the tluid 
los-(>s are high. 

'I'urning to the sectional drawing, it will Ijc obs(;rved that the 



Via. Knyiiiu 

two <‘y]iii<l(*rs aiv placcM] aoio.ss tlie craiiksliaft. and tlie two jiistons 
coupled to the .same erauk-piu liy iiu^aus of Ixml eoiuieetiiiji-i'ods. 
TJiis lias ilui eti'e<‘t of i;iviijg a load to th(‘ exhaust piston witliont 
mxressitating the n.sc of a two-throw erank, hut th(‘ angularity of 
tlie eonneetiiig-iVids is i’ieee.s.sarilv V(*r,v eri‘at. The design of the 
eoni]aistion‘(-hamher is similar to that' of the Taicas (mgiiic. As 
in the Jaieas engine, tlie jiistoiis aiv pj‘ess(‘d fi*om mild steel, and 
are exeeedin^ly Jight. The jiunip eylinder is placed alongside the 
] lower cylinders, and has a curious and ingenious composite piston 
e.onnected to the crank-f)in by means of two connecting-rods. 

This pi.*!^)!! consists of two parts: (l) an outer sleeve, to which 
one of. the connectirvg^rods is ‘ attached, and which bears’ on the 
cylindei' Avails only at its tAATj (uids', the middle part Ixnng recess^xl. 
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ill order to l(‘ave an annular spare liotween tlie sleeve and the 
eylinder; and (2) an inner laston attached to the other connoeting- 
rod. Tin' two portions of this jiiston reeijirocate together, hut 
owing to the different angularity of the two eonnecding-rods, tlnwe 
is a small iviative motion hetwoen them, and this motion is takt*n 
advantage of to admit the ehargi' fiom the earlmrettor to tin', 
ovlindei’. ^ IVats arc' cut hcitli in tin' sIcm'\*c' and in the wall of 
Ihe ])iston, in such a position that the two sets register during tlm 
downward stroke, but, owing to the •slight relati^'e movement, are 
maskc'd during the upwaiil orMelivery stroke. 'iVie induetion pi])e 
from the carburet ten* is led direct to the wall of tin* juiiu]) eylinder, 
in such a jiosition that tin' gas entc'rs the annular sjiaee betwc'cn the- 
outei- piston and theMwlindc'r wall, and isMrawn into the eylinchu* 
win'll the two sets of ])orts rc'gister on the downward stroke*. This 
inelhod eombining the inlet valve and ^jiiston is sim])l(‘ and 
ingenious, and the increased weight in this caise is no objc'i'tion, 
since it is nc'cessarv, from the |K)int of view of balance, that the 
pump ])isti>n should be the same* weight as tin* sum of tlui two 
working ])istons. 

The dc'liverv vaLve* of the ]mmp cylinder c*oysisl.s of a disk of 
exc'cedingU' thin sh(*(*t ])ln»s])Ij<u*d)ronze, hi'ld down to its seating 
l)y means of a curvc'd kt'ep-])late, as shown in the illustration; the 
seatiiig is slottc'd nith a number of rectangular slots. [VUv action 
of this val\’e is jireca’seb’ the sann* as that of an ordinary leather 
or rubber yumj) ^■al^’e. JSiich valves arc* admirably suited to tin* 
need^ of high-speed two-(\vclc* e^igines; for, being extremely light, 
thev arc* c-ajiable of very rapid ac'tion without noise or ajiprc'ciabh'- 
wear, and thev cause the ininimum of fluid fric;tion. If a suitable* 
bronze be sdc*c*t('d and subjected to the ])ro])er heat treatnn*nt, tin* 
life of the valve is very givat, and frgeture due to fatigue almccst 
unknown. 

• After passing through the deliverx \al\’c*, the* c'eunbustible mix- 
ture is di recited*, J)V nn*;viis of passages c*ored in the cylindc'r casting, 
to the i*ec*oiv^r a small eluiinber sui' rounding the inlet ])orts-- 
whm*c* it remains until tin* ]>orts are uncovered. It will thus be 
seen that the gasevs, after jiassing at a^- high xeloc'ity through the 
pump deliN'cTry valx e, arc? brought to rest in tin* recc'iver, and again 
accelc'iufed ^o a high Acdocity^ through the inlet jiorts. The effec*! 
of this is not only to incrc‘ase tin* fluid losses considc'jably, but, when 
petrol is used asTln* fuel, the ohange from high velocity thtough the 
])ump Aid VC* to comparative stagnation in the reccdvei’ xvill result 
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ill the preeipitatioii of i\ (^onsidenible .‘unount of liquid petrol. 
A portion of this li(piid ])etrol may l>e ro-cvajiorated, lint mucli of 
it will enter the cylinder in tliv. liquid form, and, clinginiL!; to the 
cool walls, will never come into contact with the necessary air for 
combustion. With ])arathn as fuel this trouble will be even nion^ 
ammtuated. 

With regard to tlu^ actual results obtained from a P.anqilongli 
engine, the author cannot do l/ett(‘r than quote tluj ligiu es published 
1)V Mr. K. AV. A. Lrewer in a jiajicr retail befoie the Soidety of 
Engineers in 19?!. Before doing so, however, it is only fair to 
mention that the tests rehuTed to ^\>‘re carrl(‘d out on a new emgine,’ 
and almost, if not quite^ the first of its type ever built. For this 
reaMUi must not be taken as rejiresenting the. best of 

which the (Migim‘ is cyjiable. ' 

The engine tested by Mr. Brt^ver was a double unit having two 
paii-s of jipwer cylinders and two ]:aimps connei'ted to a four-throw 
crankshaft with all cranks at LSO degrees, as in an r)rdinary four- 
cyliiid(‘r Ibur-cycle migiiie. ^ 

The bon* of the power t'vlinders was -Ji in. and the stroke* in.! 
giving a s>^'epl vobiim* of ;»4*3 cu. inf in each unit, or 68’() cu. in. 
per revolution of the*(*ngine. The clearance space and compression 
ratio are not staled, but the compression jiressui’e is given as lb. 
per sqiian' inch, from which it may Ik* deduced that tin* compn*ssion 
ratio was probably about 4‘r)5 : 1. This is based on tlu* assunq^tion 
that the value* for tlu* index is I’lZS fur the com])ressi(.Ai curve, a 
figure which tlu* author has fn*(pie'ijtly obtaijied fjoni small high 
s])e(‘d two-cycle (*]igine> Tlu* volume of tlu* cl(*ai‘ance l)y this 
calculation amounts to 9*7 cu. in., and the total vr)lurtie of each 
j»air of cylinders, wlu*n tlu* pistons are at their low(*st position, is 
4 4 (*u. in. 

4'he liore and stroke of the punq) (ylinders was in. by ol in.,, 
giving a swe])l volume of I '5 cu. in.; the ratio l>etweyai the Aolunu* 
swe))t by the ])ow(*r jjistons and the scavenge piston^ is ^therefoie 
1 : a very low ratio indeed. The volunu* of aiv lakeji into tfle 

punq) cylinder was measured by means of an anemonietei*: but Mr. 
Brewer states in his paj)er rha{ he is not satisfietl with rties# niea.suie- 
nients, and since the volumetiF* (*fliciency of the ])unq) cyJiiider, 
when running at loth) ll.L.M., is given »as 100 ])(*r cent, it* is hardly 
likely that tlu‘y are ai-curate. AVith carefully desigvied ])ipe-work, 
however, ami afuple vaha* area, very high vf)luA)etric etHeiencierf can 
bo obtained (‘M*n at such sp(*eds as'laOO ILP.M. But in this case 
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the author is vciy doubtful Avlu'tlicr as hi^h a volumetric efficiency 
as 80 per cent is obtainable. 

Xo indicator diairranis won' taken duriiii'- tlu'sc tests, but the 
powor roqiiijY<l to rotate* tlu^ (.‘Ugiiie at 900 li.P.M. was tested hy 
driving it from an eleetric* motor. Tliis method will give a fairly 
accurate idea of the f]*iction losses, but will und(‘r-(‘stiniat(‘. the fluid 
losM's. sinre, when the engine* is not firing, it is probable* that the 
baek-pr(*ssure on the pum])s is considerably roliex'ed: in this respe(it 
a two-(*ycle engiiu*. differs from. a fonr-cyele. iji which tin* fluid losses 
are actually less when tin* (*ngine is firing. .l>y Liol-oj’ing the fric- 
tion loss at 900 R.P.M.* was liKMid to amount to about 1’70 h.orse- 
power, and the fluid losses to only 0‘S0 hpJS(*-p()W(*i*. Tlie former 
loss will. ])robably be* in('r(*ased l)y about 10 p(*K cent, and tin* latter 
by al)out pO ])er cent, avIk**! tin* <*ngin(5 is riiiyjing normally, judging 
from the author’s exi)erienc(‘. Phe maxjmuni B.II.P. at 900 
was about lO'f). Adding to this I*!) hors(*-pow(‘r for Inaction, and 
I'Ll for fluid loss. tin*, indic'ated hors(‘-])OAver lK‘comes and the 

me(‘liani('al effi(*iency 77 pen- (‘(‘iit; a Aoiy fair r(*sult for an (*ngine 
'of such small dimensions, and employing a r(‘(u*i ver of sjnall (‘a])acity. 
(.)f the [)(*!• cent lost, 14 per <*<‘nt is account (‘d 'for by lyii'tion, and 
9 p(‘r (*ent by fluid loss(*s. 

The tabh* on ]). l!G7 giA’es the result of the sei’ies of t(*sts carried 
out on this engim*. 

It Avill be obM*rv(*d that these figuies give such A\id(*ly Aarying 
r(*sults, duV* to the differynt conditions und(*r which tin* (‘iigiiji.* was 
j’unning, that they cannot be reconciled Avith i*ach otlu'r, and useful 
infoi'ination ca.n only be obtained by schudiiig oin* t(*st. and following 
it through'. Cy far the b(‘st of these tests is (! Ii^. taken Avhi‘n the 
engine Avas running at 1^^570 ll.P.AL, and dev(‘loping lo’O B.II.P. 
At this speed the mechanical efticien(*y Avill probably have diop[)ed 
.to about 72 ])eL' cent, for it has been explained in Vol. 1 that the 
fi-ictirin losses, incieasc nearly as tin* s(|uare of the s|)e(*d, owing to 
the greater by.arijig ])r(;s.sujes resulting from tin* increasing inertia of 
tile reciprocating parts, and the fluid k)ss(‘s incr(*ase in a somewhat 
similai ratio, due to the higher A elocity of the gas(*s. If 72 ])cr cent 
b(‘ acc(*])trd ifs the mechaiiieal effi<*ieuV.y (the author is taking this 
figure ' >11 the assnm[)tn>n that tin* ratio of niec'hanical efficiency to 
speed will follow^ tin; same general <‘urve as in tin* case of liis OAAm 
tcists), then the indicated horse-pow-er becomes 20*8, and the mean 

effective ])r(‘ssnr(*. ^ x 03-2 Jb. per square inch = 87*7 lb. ])er 

1 1 ) I 
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.s<|iifii(i iticli, a vei V jjood figure <‘Oiisidering tlio size of the engiii^ 
Hiid file low ratio of the pnnn) volume. The luojjortioii of the fresh 
ehiirge that e.seap<>,s uuhiirut through the exhaust portS is^given as 
2(5 '7 percent, based on the assunujtioii that tin*, volumetric etiiAiency 
of the pump is 100 ])er cent, and that cAmliUstion is comijleJ;e when 
the exhaust*ports open. ^ • * 

If, as Mr. l?rewer suggests, 2 j)er cent of bxygcn is normally 
present in the exhaust gases of any petrol-engine, du^ to incomplete 
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conilmstioii, tlioii the loss of fresh charge is reduced to 17 '7 per cent; 
and if. again, tlie voluiiu'trie eliieiency of the piini]) be taken as 80, 
and not 1 00 per cent, as is more probalde, tlien it is further reduced 
to 14 '2 per, c(‘nt. Hie fuel consumption, 1 ])t. or 0‘91 lli. per 
B.II.P. hour, is liigh, and the author lielieves that this is to be 
accounted for to sonn*. extent by jnveipitation of liquid petrol in tin* 
receiver. ' The thermal etticicncy per B.TT.P. hour, with pi'trol of 
0-72.5 specific gravity and 18,500 B.^ T-s per lb., works out at 15-2 
per cent a poor result. However, in tlie discussion upon Professor 
AV }it.soir.s pajior, read before tlie Institution of Autf'unobilc Engineers, 
All-. Brower stated tliaf lie lifuV* been able to obtain a brake lliornial 
(‘ftioieney fi-oin this (Migiiu' of 21 per (-ini^t wlu^n running at lOfKi 
IM\Ar., and develo])ing 12*2 B.H.P. Tliis^ eorrespjinds to an 
indieateil tliernial etiieieiiuy of 28 ]>er ccvil, as.siiniing that the 
nieelianieal etiieieney at tin's sjieefl is 75 per eent. If the eonipres- 
sion ratio be taken as 4‘55 : 1, then the air-standard ejlicieiiev is 

/ 1 X > - 1 

E = 1 — ^ j = 45*5 ])er eent, Mini th(‘ relative ellieieney (Jl’5 


'per eent. If allowaiiC(‘ b(‘ niad(‘ for the loss of‘ 14‘2 ])ei* eent of 
unburnt mixture, tlum the hi-ake and indi(*atedW‘lii(‘iei)<*ies bei-ome 
24*5 and 22'7 ])er eent revspeetively, and fh(‘ relalivi^ (‘ttieieney 
71*1) ])er eent. 

Compared with th(‘ Lu(*as (‘iigim*, the Lani})lough is (] ) eajiable 
of maintaining a gtjod mean pressure u[) to very niiieh higher spianls ; 
(2) it is inueh lighter; ,(2) tli(' s])e(*ifie ])ow(M- from a given sizi* of 
cylinder is mueh greater: (4) the rotative balance is almost eijually 
good, but of eours(* it does jiot possess r(‘aetionary balanei^ howevia*, 
the liiglie'j sj'ieed and tlu* greater numlaa- of inijinlses [H*r minute, 
makes this of less importance; (5) it is eapabh‘ of firing i-i‘gidarly 
ovei- a wider range of speed, and is less susei^ptible to variations 
<-in th(^ density of the niixtui-(‘.^ 

The ineth.od of placing the cylinders across the crankshaft apjieals 
to the aijtlu^i* as somewhat unmeehanjeal, in that it necessitates the 
if:s(‘ of bent coilnecting-rods, which, to be, sutticieiitl}^ strong, must 
necessarily be somewhat heavy, and, moreover, it ineri‘as(‘s tlie side- 
thrust of'‘ihe^'])istons against the cylinder walls, due to tin' excessive 
angularity of these ro(ls. So far as the author is aware, the Lamp- 
lough engine is not w(\Jl k^nowii commereiall v, but it is, in somi*, 
respects, one of the most interesting two-cyclc engines yet pi-oduccd. 

The Dolphin ' Engine. — The engine illustrated in ligs. 99 
and 100 was designed by the autlior in conjunction with Mr. .11. A. 
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means of whicli it lias lieeome possible nearl}' to double the luaxinmm 
rotational speed, and at the same time inijmive the meehanieal 
eliicieney. It will be seen from the illustration that the general 
lines of the engine are moih-lled upon the Clerk or Korting engines, 
Mhile siinjilieity and cost of inanufiieture havc^ been kejit in view, 
neithei' eliicieney nor balaneing have been allowed to suffer on this 



afcount. ■ Tfie dhief objects which have been aimed at are (l) ability 
to tii'c regularly over a very wide range of load and s])('e(l ; (li) ability 
to attaii], a »higli mean pressure, a‘nd maintain it up to high 
rotational speeds; (3) good balance; (4) the supjiression, as far as 
possible, ()f fluid and' frie.tvm losses; (5) to obtain a high brake 
thermal 'efliciency at all loads. 

To fulfil the five fonditioi'is mentioned above, tin* tjllowing means 
ha^'o been adopted. P’irst, it was considered essential that stratifi- 
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<iatioii should *b(i encouraged by every possible means, and that the 
presence of a portion of undiluted working fluid in the nciglibourhood 
of the igniter sliould be ensured at all loads and all s])eeds. Tin* 
former was (‘ffected l)y so shaping the cylinder-head that the gases, 
aft(‘r passing thiough the valves at liigh V(*locity, sliould be first 
collected into a small chanil>er and then passed into the i*ylinder, in 
the form of a solid diviuging com*, at a low vekxaty, care b(‘ing 
taken to ensure that no core of exhaust gases (iould l)e left in tin* 
centie of tin* cylindei*. Ilelialiility of ignition is i‘lfected by litting 
the ignit<*i‘ in the (ientre of tin* small cliainbef just referred to, and 
so shaping tlj(‘ lop of this chain ber^that a portion of the incoming 
charge is always dellected up against it; at the same time, the ca])a- 
city of this small chamber is so ])roportion(*( relation to that of 
the coinlnistjon space, that even on tin* 
lightest loads it is aUxays tilled with fresh 
combustible mixture. J>v tliis means then*, 
is always a readily ignitable charge in the 
ignition chanibei'. 

Thii se('ond condition, high mean \nT> 
sure, has l^ei*n met l)y careful attenthfii ti> ’ Kik. 101 
the scavenging, to ensur^^ stratification, and 

hence tin* ability to admit a comparatively large r*harge of mL\tui(‘ 
Avithout a* serious proportion being lost through the exhaust ports. 
Jt k also heljunl by the einjiloyinent of a sp(*cial type of valve, 
Avhich is capal)le of opei’ating at ex(*eediiygly high spe(vls, find of 
defiling witli fi huge ([uantity of*mixtui-e. Tliis vfdve is iVlus- 
ti‘at(*(l sepfiifitely in fig. 101, where it will be seen to consist of 
a split annulfir ring, of s])ring steel, held at one , end, and frei* 
to lift off the seating at the otliei’. Ports are cut in the s(*fiting 
round about *J70 degrees of .1 lie rircnniferein'e. The valve* is. in 
effect. m(*rely a flfi|) vfilve, but, since it is ex(H*(*dingly liglit, and 
is coinpos(‘d (*ntirely of fictive spring material, its s]je(*d of working 
is very high, while tin* jesistance it oilers fs siiifdL" In prjictice, 
about 10 oz. pi*r sejuan*. inch is reijnired to fully ()])‘,hi a valve whudi 
lifts ft mituj’al periodicity of 180 <*oiii])lete vibrations per second, 
])erniitting of fin (‘iigiiic. spe'Cd of well over .‘lOOO .b\lM\J. 

Piior tei the adojitioii of tln'se Afdves, tin* very highest speed 
Avhieh the author could obtain from an autoiiifitie jioppet Vfdve* AA’ith 
due regfird to fluid loss(‘s, Avas about oO periods per socoifd, and to 
obtain thi>? speed a spiing tension e({i*ial to i4*fwly 5 lb. per s*,piai‘e 
incli. was necessary, filthongh tlie vnlvt* was m.ade from nickel steel. 
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liollow, aiul lighteued in every jjossihle way. Fifty p(‘riocls per 
se(‘oiid Hiifiieed only for a speed of about 1000 to 1200 ILRM., 
while the spring tension of 5 lb. ])er scpiare ineh involved A^ery Ijigh 
pump losses. W itli the ein2)loynient of this s 2 )eeial valve the aiitlior 



has been ^fd)lo. to maintain an indicated mean pr('ssurc of between 
00 and^ 05 lb. per square inch at all s])eeds up to al)Out 2000 II. R]M. 
in aifenghie of Jf^-in. strok(v 

The tliird condition, good balance, is ni(‘t ))y so arranging the 
relati-ve motions of* flu* pump and power pistons tlip-t the locus of 
their centre of gravity is almost a true circle, as shown in the 
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(li}i<»ram (fig. 102), in wliicli the dotted circle represents tlic path of 
tlie common centre of gravity of the two jnstons. If, now, a balance 
weight C([ual to the weight of the two {)istons and rods !>(» fitted to 
the crankshaft in a. positioji at 180 degiees to tliat of the common 
centn^ of gravity, and at a radius e<|ual to that of tlic locus of the 
('ommon centre of gravity, an almost perfect balaiu'c* can lx* obtained 
with two or more units. The balaiK'c is not (piitc perfect, owing 
to the fa(*.t tliat the (*.ommon cemtre of gravity does not describe a 
true (‘ir('l(». its path being slightly elliptical; tliis causes a slight dis- 
1inbanc(% wlii(di occurs twice (;very rcNolutioui, but which is almost 
im[)ejcet)tible. The balance actually obtained is very mu(*h better 
than that of a four-cylinder four-cyede (*ngin(‘ of the ordinary type. 

The fourth condition, low fluid and fri(!tioji losses, is met by 
so timing the jiuiu]) piston in redation to the power piston that 
ni‘arly the whole of ^^he delivery' stroke of the pumj) takes jdace 
while till' i‘xhaust ]K)rts are uncovered. No receiver is (‘inidoycal, 
and the ]m‘ssure in the ])ump cylindcu- scarcely exceeds that ret|uired 
to overcome the exhaust back-pressure and the slight i‘(‘sistance of 
tli(‘ spring vah’c. Mo delivery valve is fitted to tl.*e |mmp, the 
author ('onsideiing that the increas(Ml fluid resistance tliat such a 
val\(‘ would (‘ause vould more than counterbalanci* any advantage 
to be obtain(‘d from a r(‘duction f)f clearance, wliicli can always be 
met by slightly increasing the cajiacitv of the jnmip. In order to 
reduce the (dearance to a minimum, the pipe connecting the pump 
and working cylinders is of com])aratively small bore, and the gas 
velocity through it is v(‘ry high. (_]are is taken, howevtu-, that tiliere 
shall be no sudden changes in the direction or Aehudty of the gases 
betwein: the ])um[) and jiower (*ylinders, such changes having been 
found botli to increase the fluid friction and cause precipitaticai of 
the fiu‘l. 

'file suction valve* of the puni]) ('onsists of a nunib(*r of radial 
fing(‘rs of very thin sheet bronze, eae h tinge*!’ (*o\'e*ring a ])ort. These 
fingers are held in place* by means of a cur\eel k«*ep-plat<*, which 
prevents theuii from eijiening too far and be*ing unduly ’strained, and 
also fre)m local bending. The* e*flective area of these suction A'alve*s 
is ('omjiarati vely large, aiiel theii- 7’esistance trifling.^ JIowt*\'er, i]i 
s])ite of the fact that the gas veloedty through th(*se* valve's is only 
lot) ft. per se'cemd at Ji spee*el of 2000 I 1 .P..M., the voliyneiric efli- 
( iency of tlu'se ])uin]) cylinelers, even at iow speeds, is ne*! as good 
as the author^jintici[niteel. Full-load. indicat ()r,diiigrams show con- 
siderable wire-drawing em the suction stroke, whie‘h is not easy to 

VoL. 1 18 
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account for; in .some cases auxiliary ports liave l)ceii fitted round 
the ])uinp cylinders in such a 2 ) 0 .sition that they are uncovered hy 
tlie displacer pi.stoji neai* the l)otlojn of the stroke; thc.se ports are 
in ('onnnunieation with the carhun^ttor, and admit a further cliarge 
of eomhustibie mixture. A laro;(' numhei- of tests, taken fi’om these 
engines, .show that tlie fiuid' lo.sses range from o to 7 j)er cent of the 
iiidi(‘at(‘d horse-])ow('r at noi-mal sj)e(‘d,and l)eai- ]mi(*-tical]y the .same 
pr()jK)ition at all loads. 

The fifth condition, higli thermal* etficieiicy, is met hv prevent- 
ing difi’usioii lictweeio the. incomiiig charge and ,tlu‘ exhaust gases 
as far as 2 )ossil)le, so that the 'highest jfiusan ])ressure can ])e carried 
with the minimum loss of unlairnt charge tln’ough the ('xhaust 
j)orts, and by the .s»;j))pre.ssion of iluid aifd frictional losses. Th(‘ 
latter cmi only be miligati.M] by (*areful attention to lubrication, and 
by redin*iiig the weight of tlie recapiocalii^' j)ort,s to tin* lowest 
limit. Tlir author has not, uj) to the jnesent, Immui abh‘ to reduei» 
the fuel consumjition b(‘low lb. of jxtrol ]H‘r B.H.1\ hour, 

corre.sponding to a brake thermal (dhcimii'y of 20‘r) ])er emit; l)Ut 
at half loadMlu' fu(‘l eojisumjition is almost (‘xa(‘tly lh(‘ .same, and 
in this i‘(‘>pc('t it comj)ar(‘s very favourably with a modern four' 
cycle engine, in which tin* half-load consumption is gmimally from 
lo to liU ]H‘r (*ent great(M’ than the full load. hV)i‘ automoliile pur- 
jioses the light-load consumjition is of mor(‘ inqiortanci^ than tin*, 
full load, inid under .such comlitions this migine is probal.ily (piiU' 
eijual to the four-cycle. 

Jtel(*iTing to the sectional yh‘vation. it will he, s(‘en that the. 
two c\'lindei>. togetlim* with tlndr water-jacket and <*.\haust licit, 
are ca^r in one piece*. The exhaust jiorts an* arranged at (*(pial 
intervals all round tlie (*ylinder wall, with the exeejition that one 
]iort is omittt*d on that .side of the eylind(‘r whiidi n*e(‘ives the. 
thi’U.st from tin* eoniiecting- rod. This is done in ordei* to guard 
hgainst tljc e.M'apc* of lnbri(*an1 Through tin*, port at tin* ])oint wht‘ie 
it is most ‘:iec(3(*d. The poits aiv not V(*ry huge, lia\ing an aie'a, 
e<jnal to onh fubont In ])ei- cent of tin* area, of piston, and their 
liciglit is such that they are lir.st unco\(*red when tlu*. ])iston is 
of) de<»rees lieforci the. iM^ttom eeiitrev It was found that ]aig(*r 
exhaust jiorts, owing to tin* vi*ry sudden jvle.asi* of 2 )i‘essnn‘ in the 
(jylinder, .si*t u]) violen*!: eddm.s in the (‘xlianst gases, and caused 
considm’akle diffu.sion. U(*due,ing the area of the ports had the 
eflect of gi'eatly*iin])i'Oving tlio.seaA'enging without ajipareiilly raising 
the (^xliaust back-pressure to any .measurable cxt(mt. 
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111 matters of this kind the designer is faced with the problem 
tliat these small engines are (*.allcd upon to run not oiilj" at varying 
loads, l)ut also at very widely varying speeds, and he has to decide 
what is the most probable spc'ed and load at which the engine will 
be running during the greater part of its existence, and then design 
th(‘. exhaust ports, for that speed. Examining the shape of tlie 
eombustion chaml)er, it will })e ol)served that the surface exposed 
to (‘ombustion is large. From a thermodyiiainic point of view 
this is undoubtedly wi'oiig, and it is probable that an appreciable 
amount of heat 4oss might have bejBii saved* e\'en at high speeds, 
had. a, more com]»a(‘t chamber beeii used.* In this cas(‘, however*^ 
the author eonsi(l(U*ed it of much greater importance to satisfy the 
<‘onditions.ie(juir(‘d4br good scavenging, even at the exjiense of souk* 
extra lu'at loss. Th^; top of the cylinder is closed by th(‘ valv(‘ 
M^at, whicli thus Ibrin?; the cylinckn-diead, and is held in position l)y 
in(*ans ot^ a hea\'\', gnn-mcdal, sci*ewed plug, whose function it is to 
■condiK't lieat avva}' fioin the centre of th(‘ seating to tlie (tooling waten-. 
In ord(M‘ that the transfer of heat shall be as raj)id as possil)le, th(‘ 
l)(‘aring suj‘fac(‘ betw(‘en the seating and tl)e plug ]s in the foryi 
of a wide.cone, l)oth surliices Ixnng ground to ensure good contact. 

Loth tin* valve nuid the igniter ai'C attached to the valve seat, 
and ail three can 1 m* withdrawji for inspe(*tion and cleaning by 
nu*re]y uns(‘rewing the ]ilug. A shouhler is j)rovided in the cylinder, 
u])on whit'h tlie xalvc* S(*at bears, and her(* again a motal-to-nietal 
ground joint is ein]iloy(‘d. in ord(*r io assist in the di^ranslerenci* 
of h(‘at. LJelow this shoulder is a-second and widei* out* whiclf acts 
as a sro]) foi* the valve and lijuits its lift. The (‘onilmstibh* inixtuiH* 
from the pnni[) cylinder ent(*]'s betw<‘en the sciewc^l plug and tin*" 
seating, and, [lassing through the ports of the latter, lifts the valvt* 
and ent(‘rs the small ignitiiig chambei- at a liigh velocity. Tin* 
gases (*nt(*r around in*arly the Avholc inside ci]‘cumfcr(*nce of the 
valve, and convei'ge at lh(* centn*.* Thus l]n‘y first till tin* small 
ignition chamber and thenj)ass through tliT* coiisri’idcd neck into 
the cylind(‘r. The conditions governing good seaxAnging and ri#pid 
and complete combustion ap])ear at first siglit to be coiillicting, for 
the former requii'cs that tfie gases shall enter tin* cylinder at a 
low velocity^ and free from eddies, &(*., which may cause dilhision, 
while the latter retpiires that they »sha]l *be in a stifte of rapid 

motion at the time wln*n ignition occurs. In this Vase, since* 

• • • # 

if>nitioii tiikon place primarily in tliCsmall ij^ifitioii rhainluM',. where 
the gases are probably still in nuftioii, tlie .siahh'ii expansion oF the 
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diargo tlieiviii onusos a violent disturbance in the main body of 
tin' gases in the lower part of the eoinbustion space, and so 
serves to promote vapid eomlaistion. Indicator diagrains taken at 
liigli speeds sliow that tlie (‘omlmstion is (‘xtriunely lapid, and 
that with the spark timed to take place 15 degrees before tlio 
dea<l centre, tlie inaxiiniiin {)ressure is attained when the jnstoii 
has travelled through ojily 2 pei* (amt of its stroke. 

Tlu* inlet A^alve itself is made of spring steel, hardened, 
t(‘m[)ered, and ground, the thmkiiess being about ’05 in., but 
vaiying somewhat according to size* and spetal. -Since, during the 
•compression and expansion stroke, thik valve is in good (*onta(*t 
throughout the whole of its surface with the seating, it follows that, 
no matter what the temperature be in the cylimlcn-, tin* temperature 
of the val\ e can only be very slightly higher^ than that of tin* seat- 
ing, and can (*asily be kept within safe liiliits; furtla-rmore, the 
incoming charge passes ovi*!* the vahe at (‘aeh ivvolntioii and 
assists in cooling it. In pra(*ti(*(* this arrange]m‘nt of valve, seating, 
and l)lug has lieeii found to work Siitisfa(‘torily for all sizes up to 
;bi-in. valve diameter, but in larger diainet(*i’s than this the t(*m- 
perature of the c(‘nfr(‘ ])arts qf the vahe s(*ating and ol* the ignitt*r 
is liable to become so high as to (*ause ])re-igniti.)n. 

The ratio lietweeii the swept voluim^ of the* juimp and that of 
th(* working cylinders rang(*s from I '5 : I in the sinall(‘r sizes to 
1'21 : 1 hr the larger. In comjiaiing tlu‘se iigures Avith tin* Eani- 
plough ()]■ «oth(*r similar (‘ngint*s, how(*ver, it must be remembei-ed 
thaf th(‘ clearance loss a(!(-.ounts for about 25 ])cr cent of the ])um]> 
('apacity, so that the actual ratios an* only about 1*14 : I and O iM) : 1 
iesp(*(*tively 

The com])i*ession ratio is ap[)roximat(*ly 4 : 1 for all sizes when 
|)etrol is emidoyed. and 5*5 : 1 for town gas, so that the* ratio of tlu^ 
etleedive })ump capacity to the*, total c\ linden- capacity is about 
0*84 : 1 and 0*64 : I re*specti\k*ly for ])etrol. With these ratios, 
indie-ated ni'e‘an‘' pressL'(re*s of 95 ami 80 lb. ])e*j- sejuare inch are 
geiM*rally ‘bbtaiiff‘d. The* remainele*r of the engine* calls for little 
(•(unrnent. ForceMl lubrication is provide*d to all bearings by means 
of a rotary oil* ])ump driven by s])iral geaiing fiom the crankshaft. 
4'he* main l)e*arings are* lined with Avhite* me*tal. Ibitil re^cently^ 
the* author* invarialdy us(m1 brll-be'arings for the* craiikshaft, l)nt the 
strenuous^'conjpetitiejn for sile*nt running le*d him very reluctantly 
to abandon their use*, 

The engine illustrate*d in figs*. 103 and 104 is of the stationary 
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ty|)(\ and is mainly used for the electric lighting of private houses 
or yachts. It can be arranged to run on either petrol or gas, the only 
ditt’crence lieing that with the latter fiu'l a liigher (*.oinpression is 
(‘inployed, and the* carburettor is rei)la(*.cd by a mixing valve. Tlie 
engine has a*bore of 4^ in. and a stroke of 5^ in., and is rated at 
7 ’a B.Il.P. when using petrol and running at 700 li.P.M. At this 
speed it is, hoAvevei*, ca])able of developing up to 0^ B.PI.P. as an 
overload. This corresponds to an tjj) value of (ITS lb. per s(]uaie 
incli, the meclianical ethciency is 81 yier cent, and the indicated ni(‘an 
pressure 7(i lb. yDer siyiiare inch. The best fuel conjsumption is a.))out 
.0*7l2 lb. per B.1I.1\ lioui; (*orresppndiiig ^to a brake*, thermal (‘tticiency 
of 19 jxn* cent. The swejit volume of the power cylinder is 88 
cu. in., and that of *the pump cylinder l1‘J eg. in. Allowing for 
"25 per (-ent clearance loss,, the ratio between the swt*y3t volumes is 
as 0‘95 : I, and as compared with, the total volume of the working 
cylinder, it is as 07 : 1. With this ratio a mean pr(*ssure hygher than 
76 lb. per square iiK'li should Ik* obtainable, but indicatm* diagrams 
talvim from the pninyi evlinders of the*se engines show a (‘onsidei-able 
amount n wir(*-dra\ving on the suction stroke, which r(*duces tlm 
Aolumetric efficiency of the yjumyi, and is not readily accounted i'ov. 

The indicator diagrams illustrated in ligs. lOo, lOG, and 107 were 
taken from ont* of these engin(*s Avith a Hopkinson o])tical indi(‘ato]‘. 
At tlie time when tlic diagrams were obtained tin* (‘ngint* had been 
in continuous sei’vice for alxuit nine months, driving a direct-current 
g(*nerator. and running on the average about 14 hr. ])er week. P'or 
th(* r;)ow<*r cylijjder, a spring gi\;ing 90 lb. to the inch was used in 
tin* indi(‘a.tor. ajjd for the y^umy) cylinder a LM.)-lh. sy)i’ing. Diagrajns 
Nos. 1 ancl 2^ were taken fj'om the y)ower and y)um]) cylind(*rs 
resyjcctively, wh(‘n the eiighie was running at slightly above its 
normal h^ad, oj‘ 7‘9 B.ll.P.. Nos. ;{ iyid 4 when the load was re- 
duced to 5’5 B.H.1\, Nos. 5 and 6 at 2r8 B.ll.P., and Nos. 7 and 8 
ill no load. Tn this hittcj- ca8e a 20-lb. spring was used iji the 
indicator foi yjoAver cvlindei' itlso. Diagram No. 9 was inkvu 
frojfu the pufnp ‘cylinder, with an ovelh»iid of i)er cent, or 9'll 
B.ll.P., but no diagi-ain could ]>e obtiiined from the y)ower cylinder 
under th(*.se coyditions, owing to the seizujv of the indiciitor piston. 
B(*peated attemyAts were made*, but, although the diagrfim could be 
examined, the indicator nould .not be kept running for ii long (mough 
j)eriod to •enable a photdgray)h to l)e tak(*n, without oviuheating. 
The time of exySosuiic^ varied .somewhat, but. in no case was it le.ss 
than ^ second, during which time the engine made .slightly over 
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No. 1 


No. 2 



No. 3 
Fjg. 1(C) 


two T'cvoliitioiis. Jii tli(* casi* ot tlu* li^lit-^load (liai»iam t‘.\|)osurc 
la,.st(Ml ovVr one second, and all the [liini]) dhigranis^veiv taken wit-k*- 
H still loiJ<»(‘v exposure. ^ ^ 
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tSince, jso fiir as the author is aware, these and the diagrams taken 
hy Professor Watson on a Day engine, whielt will he diseaissed later, 
ai-e the only ones that have so far heeii takaut from a small high- 
speed two-cycle engine, it is, iheriddre, worth while to examine 
them in some detail. In the fir.st place, it will be noted that the 



compression-pressure varies A’ery considerably with tl)e load; this 
may be attributed to two distinct causes: (l) with inciease of load 
the piic.ssure in the cyLinder, at tlie monunit when the ports ar«‘ 
clo.sed, is ^greater, due, 6f e<jurse, to the greater exhaust baek- 
pvessiirc, but tiiis alolio dogfs not account fo]’ the vCi-y great 
difference betwcoi tlie ])ressure of compression at no load and full 
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No. t) 


Tiii. J07 

f 

load; (:>) the seeoiid cause is that on li^lit loads tlie ])]‘(>portiori 
of (‘xhaiist leases retained in the eyli^idei’ Ys very uiiKi^i greater, 
and th(‘ temperatures ot these oases is so hioli that t))e}^ are still 
givinu; uj) lieat to the walls of tlie eyMnder diyiiig tlie eoinpre^sioir 
stroke, at as gj-eat, or ev(m a greatt‘1’ ratc% than it is being iin[)arted 
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to them l)y the compression. That is to say, the compression 
curve oil iiglit loads, iijst(-‘ad of bcdng adiabatic', is practically 
isothc'rmal, and tlie tempei*atnre of tJie c'OJitcMits of the cylinder 
at the end of eompic'ssioii is little or no higher than at the 
b(‘ginning. Another feature of these diagrams is that eveji with a 
mean pi(‘ssure oi oidy ilo lb. per scpiarc' ineb, the rise of pressure 
on combustion is exUeinely rapid, showing that the mixture aroimd 
the ])lug must be fairl}- pure, for any serious amount of dilution due 
To ditiusion wcjuld tend t<) retai’d c^ombustion. In this eonn(‘ction 
it shouhl be added that ignition took place' in aU c'ases 10 dc'grees 
'before the top d(‘ad c-e^itrc'. ^ ^ 

dbe ra])idity of ('om])Usiion at liglit loads, when the ])ro]xulion 
of fresh gases rc'taiifcxl in the ('vlinder cannot excet'd 10 per ccuit 
of the' ’cylinder volume, •and is p]*obably (*ven Ic'ss, sho\vs faii*ly 
('onelusively that a (‘.onsideiable nmount of ^^itratification doc's lake 
])laee. For, if it wcuc'. supposed that thc' 10 jxu- (-(‘iit of fi*esh gases 
wej'c? intimately mixeal with some 90 pc'i* ec'iit bv \’olumc‘ of exhaust 
prculuc'ts. it is eh'ar that eomluistioif would not take ])laee at all. 
Jhc' author ihust apologize for labouring this j)oint; but, since it is 
a- (]U(.‘stion u])on which the'- leading authorities are not in agreennent, 
and upon which the whole' w’orking prejea/ss ^of two e*ycle euighies 
largely ele*pends, it is wajJth whiles de‘\’oting a good de'al of space 
to it. 

The ojM'iiing of the* exhaust peats and the? ra])idity of the 
prc's^ure ib‘0]> aia* very ede'arly showm in eau-h of the diagi’ams. It 
wdlF also be' e.)b>er\ed that the pre*ssu]*e in the* e-ylinde*r diejjjs tc» its 
lowei>t \alue' when the ])iston is about 5 j)cr e*ent bedbia^ the* euid 
of the sti'ok^*- showing that the area of the* c'xhau.^t ports is ample 
fe.)j‘ the spe*ed at Avhie/h the* euigine- is junning. It is eh'ar from 
rlu'se* diagrams that if bottom seaveniging Averc* e‘m])loye*d, w^itliout 
ji eledaying Naive*, it AN^ould be* neee'ssary lo inake the e*xha.ust 2)orts 
ope'ii 15 ce-nt of tlie stroke.** I M*fore* the* iiilc*t 2 )orts. I^ven if the 
clepth of ihV iiflc't ])e)rts Avere* only 1.5 |k*j’ c-e*nt e)f the sti’oke, wdiie*h 
\V 4 ‘uld inVoTA^e M A’e*ry high A'eloe.dty Ihrough the*ni. and therefore 
e'oiisiderablci fluid friction, the* exhaust j)ojts would still have to 
be oj)en som/^‘A\ he'iei about per f-emt before the^ e*nd of the 
e*xpansion stroke*, inste^ad of 20 per cent as in this caise. 

In thc* no-load dia'grain.it wdll be ol)se‘j-\e‘d that- the exhaust 
jjre‘ssure Stetually dixps t)e'h)\v atmosphe*rie*. To obtain this reisult, 
ihe*- governor w^as cKkout of ae'tion, and the*, engine S 2 )ge‘de/d up until 
the pr(.*ssure osehllations in the (-xhaust pii)e synchronized with the 
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openiiJg of llu; (‘xliiiu.sr. It is, liovvcn'(.‘r, just possible that the loop 
shown is tliui to the inertia of tlie indh'ator piston, tliou!:»li the 
;iuthoi‘ does not think that lliis is probable, for tlirc‘e r(‘asons: 

(1) The oseilhition clo(‘s not eoineide with the natural periodieity of 
the indicator; (2) the pump diairrams do not show any (‘vidence of 
<>s('illations beinm' s(*t up in the indicator wheji the atmospheri(' line 
is crosstMl on tlie suction stroke (a similar condition); (;5) the 
|)r(‘ssure in the puiii]) cylinder (se(‘ pump diagram, fig. 107, No. 8) 
rcunains Ih‘1ow atmos])heric, ancf only^ crosses the atmospheric line 
;i,t t1h‘ moment winui the exhaust ports are (dosed. 

IJjderi'ing to the pump diagram^, it will be observed that the • ^ 
j)n‘ssure I’ises ra])idly at the (uid of the delivery stroke, du(‘ to the 
tact that tins ])ortioy of the stroke is })erfornfed aftcu* tlie closing 
of th(‘ e\liaust [lort.s by the power piston^ and the gas is therefore 
(•omj)r(‘ssed into the transfer pipe, and tluni re-expanded. The 
Miction liiK‘ crosses the atmosjdieric line again about l25 per I'cnt 
after lh(^ beginning of tin*, suction sti’oke. From this it A\ill be seem 
tlial tla* last -a per cent of tBe pumjfs stroke* is devoted to com- 
pressing th(* gasi‘s into thi‘ clearance spac(‘ and re-(‘xpa*iiding them. 
This porth^m must, tluu’cfore, be wi;itt(m off 'as clearance l(.)ss. 

A c(.)nsideral)l(‘ jiortio’A of this loss could be avoid(‘d if deliv(*ry \alves 
W(‘i‘e fitted b(‘t\Neen tht‘ ])uinp (*ylind('r and the transhn- ]>il)(‘. 

The point at whi(‘h the iiil(‘t MiWe of the ])Ower cylinder opens 
is ])articularly well shown on the overload diagi*ani, and the oscilla- 
tions on lhi‘ d(‘]i\(n‘y stroke* of this diagram (*oi‘res])on(i with the 
nalural pi(*riodi(my ol* the spring \’<dN'e. The diagrams also slTow 
\’(‘ry ('learly tin* great advantage that is to be* gaini‘d by tin* use 
of an automatic ^alve, which does not o])en until the pressure in — 
th(‘ powei' cyliudi*!' has fallen below tliai in the jiump. If a 
nM*chanicalIy opi*rat(‘d inh't \;d\'t* AV(‘re fitted, and tim(‘d to open 
al (li(‘ corre('t ])oint for full-load running. Ilnm on light loads i^^ 
would b(‘ opiming at a time wlien tlie pi’essure in tiu* jiump was 
c(msid(‘ral)ly below atmos])hi*ri(v with the resfilt tli;M:*tll(‘ prodiK^ts 
ol ('(nubiislion would b(* drivefi back into the jaiinp c.l’liiid(‘f, fouling, 
and ])ossibly igniting, the charge therein. 

Firing- back into the pumjrs or receivers is liabhi to occur with 
all two-(*y(;le engin(*s which do not use a. primary air-scavenoe. If 
t he ('a])a(aty of the rec'eiver is large, such back-fires are seridus iii that 
tli(*y d(*stroy a. larg(‘ <[uantity of combustitile^ mixture, anfl for the 
iiext few strokes the engine receives TouIimI ejiflrges, which either^ 
do not ignite, or linrn so slowly as K) increase the risk of tiring-back 
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again. In engiuc.s .such as the one under consideration, in which 
no receiver is <‘nipUm*d, such l)ack-fircs as do occur ar(‘ of litth; 
conse()ncncc. in that thc\ atl'ecl only that charge which is enteri)ig 
!it the time, mid have little or no etlect on the suliscijiieiil charge.s. 

"I'lie curve.', shown in ii”. 108 are taken from a lone- series of 
te-'ts carried out on a .small twu-eylinder engine of a ty])e suitable 
for motor-car work. 



JO-S 


1C leading dimensions of this engine were a-' follow,'.; — 


Powt^r liorr 

2-N ill 

PowiM- cyliiidfi’s stroke 

i i) in 

Swept volniiie 

'2-\ eu in. 

( ^>i)i])ii‘ssioii rat io . . . .. ...* 

Hi) 1. 

I'otjil vohiiia* 

H\ en. in. 

Area of exlifuist jiorts 

15 s(]. in. 

Exlani.st'pfirts (deoriies) 

55 . 

Pei-peii^.a^a^ of stroke ... - i. 

IS ])ei- et'ut. 

Etft^etive ar(‘a of inlet valvt‘. 

Of) sij. in. 

Pump c* 3 "limler bore 

4 in. 

Stroke ^ ... ... ... . <- 

:^ (S in. 

SwC'pt volume 

H^) eu. in. 

EHV‘Ctive volume ... 

eu. in. 

Efiedbivci area of pumj) inlet valv(*. 

Ratko swept volurm*. of jnimp to swept volume of 

14 s<]. in. 

pump ^eylimleP. . . ^. . 

1-51 :]?• 

Ratio etfeetiv(^' \‘olume of pumjj to total voluim* 


of powei’ cyliti'ler ... * 

0S4:1. 
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From (‘xumiiuition of the curves, it will he observed that the 
I5.11.F. increases with ine-rease of speed up to nearly 2200 K.P.M., 
(•((iresponding’ to a piston speed of i:{70 ft. per minute. It i.s thus 
clear that n|) to this s[)eed the iidet vah e is operatins;' quite satis- 
factorily. AboAT 2200 R.P.M. the mean pressure beo;ins to fall 
inoie rapidly, and the. indicated hor.se-power no longer rises in a 
straight line. This is probably due partly to wire-drawing in the 
pnmp valves, and partly to exee,s.sive exhau.st pre.ssnre, Avhich, by 
raising the pump pressui-e., will 'increa.se the clearaiii'e lo.s.se.s. d’he 
mean eifeetive piVi^sure up to 1800 R.P..M. exceeds 00 lb., reaching 
a maximum of Oo'a lb. [ler sipiarc iuji-li at 80(1 R.P.M. The P».1I.P. . 
reaclu's a maximum of 14 at alxnit 2100 to 2200 R.R..\I., but aboA’C 
that speed it falls oT, 

The ineehanieal ettieiency, as might lie expi'cted, falls .steadily 
with increase of s[)eed; due to tlie extra Huid and friction lo,s.ses, 
both of which will inerea.se nearly as the .scjuaia' of the .speed. At 
.')00 R.P.M. the mechanical etiieieiicy is 82 per cent, at 1000 R,.P.AI. 
80 ])er cent, at l.')00 R.P.M. /(/per cent, and at 2000 R.l’.M. Ob ])er 
cent. The fuel consumption at full load was found to’ be approxi-, 
mately O'Z^lb. pei' 13.11.1*. hour, and .;it half load 0'72, the .sj/eed 
being 14(80 R.P.M. in Ixtth ca.se.s. This cou.sum|)tion eorrt'.sponds to 
a brake thermal eihcieiicy of lt)'7 and lO’l percent le.s] actively, 
the indicafed thermal chiciency on the full-load te.st being 2()'0 per 
cent, and on the half loa<l .‘)1'0 per cent. The air .standard ettieiency 
f(tr this engine is ap|»ro\iniately 42'2 percent, .so tluit tie relative 
ctliciency is 01 m; and 7 -”>‘.t per cent re.spectively at full and half 
loiids; the high reliitive ettieiency tit half load being, of cour.se, due 
to the system of (pialitatiA’c governing remh'red jtossible by the high — 
degree' of .striititieatiou obtitined. The lower thermal etticieney at 
full load is evidently due in part to the lo.ss of a portion of (he 
unbiirnt ga.s(>.s through the exhaust ports, which is only to be ex- 
pected in an engine with so large a’ punt}) r.itio. In stich a ca.se 
iis this, the full cii[)acity of tin; pumjt is only calleij 'for under ab- 
normal conditions, its avIk'Ii clftnbing ti .steep hill, amj'for tlte greatw 
part of the engine’s life it is running at half Ittad or ]e.s.s. 



CHAPTER XX 

LOW-KFFICIKNCY TWO-STROKF ENGINES 


So far AVO- liave buisideied only those two-cy/ele (‘i)a:iiies which 
may la* descrilicd as hi_i'h-effi(yciicy ejii>'iiies. that is to say, ciioim's 
ill whicdi good balance, high s]»ecijic, power, Hcxihility of lioth tor<|uc. 
and speed, and low 'fuel consumption have l)ei;n the chief ohjecl s in 
vi('w. 'There is a still larger class of two-cvcie engines,, in which 
balance, 's])eci lie ])ower. and fuel (ionsum})tioit are sjicriliccd in favour 
of extreme simplicity and low hrsl cost. For sindi engines, 
c.s])ecially in small powers, there is undonbt(“dly a very large 
market. Thev arc, for example, esjiecially suitable for auxiliary 
,, engines for 'sailing \ acht.s, dinghies, motor c\cles. agih'ullural }»ur- 
])o.scs, itc., and fo'i' all purpo.ses wher'* low first cost js the mo.st 
important consideration, where, owing t<» the .shori j»criod that th(‘.y 
are, requir(Ml to work, the fuel consumjition is not a st'vious item, 
and when they are not called upon to I'un at widely varVing spes'ds 
or under ividely vai'ving load.s. For all such j)urj»osi-s the two-cycle 
engine usjng ci'ankea,se eom])re.s,sion and .scavenging with combustible 
mi'.cture has a wide scoj)c, for -it is probablv th»‘ sini|th!st form of 
prime mover in e.xistencc, has very few parts, and is (‘xce('dingiy 
cheap to .proiduce. In America, iji paiticular, such engines are 
])i'oduccd in enornnms (juantilie.s, in siz('s rangijig from 1 to lU 
hor.se-])ower per cylinder. They are, also, in exceptional ca..ses, built 
in larger sizes, but their e.\ce.s.siv(! fuel eon, sumption and ollnu- 
inherent di.sadvautages generUlly ])ul them out of ecairt. By far 
their large, ^t 'field is fn the ])ropulsi.on of yachts’ dinghies, and they 
Oi-e frcqilcntly 'made in the. form of it detach aid (> ‘•motor rudder’’, 
a purpo,se for which they arc admii’ably suited. 

Although, by fai‘ the larger jiroporfion of small two-cycle engines 
at pre.sent on the market are of the, ei'aukea.se eonqiression tyjie, the 
author do^s not propo.se to dicvote a great deal of spae.e to di.se, ussion 
of the. x^irious make.s. In the first place, the ditfere.nee between 
theni is vejy slight, 'ii'd their inherent di.sabiliti(»s will ])revent 
them from competing with the four-cycle engine, or the liigh- 
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^tticiciicy two-cycle, on grounds except lijst cost and mechanical 
simplicity. The word mec.hanical .should be underlined, because, in 
pi-acticc, they arc; anything but simple to handle, owing to their 
tendency to back-tirt; and reverse on the .slightest provocation. 

Tests of a Day Engine. -So fai- as the author is aware, 
allhough a vast number of thc.se little engines have been built, 
very few’^ .seii'iitifie tests have been carried out on them. Profes.sor 
AVat.son, however, has (larried out a .series of very detailed tests on 



a sin!il i.)av engine, rated at Ibll. 1’. TJie.se ti'sts have a]rea(l\- 
been referred to when (li.scussing the question of scavenging. Tin* 
engine he e.\])eriinented wiili is of i‘he tlirei'-port tyjie, and niav* 
Jie regai'di'd as tjqiical of engines of tiiis cla.ss. A «ri).s.s-section of 
it is shown in fig. lOi), wiiic-fi .shows the ri'lative |,^>sitiofls of tiv' 
inlet and exhaust ports in tiie eylinder. Imt ikies not .show the inlel 
port to the erankease, whicli, nn the ]io.sition illustrate, d, is inasiied 
by tile jii.stoii. Tlie port timing is .diown in fig. 110. The* exhaust 
port is o[ten during 1:12 di'grees of flip craAk, and the inlet/poit 
iluring 07 degrees, tlic “lead ” of the exhau.st port over the iii^et iieing 
I2J degrees. Jiie inlet jmrt to the erankca.se oyoned'for GO degree.'^*' 
as the engine was originally (!on.struc-teil, but Profes.sov AVatson found 
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that a (‘.onsii.lerable iuiprovoiiieiit could he luade to the power of the 
engine at liigh speeds hy increasing ihe deptli of this port, so that 
it was opened for 8ii degrees. leading dimensions ol' the engine 

wore as follows: 



Tests Avero ('iirried out, uiid iudieat or’ diu^rains laktui. at GOO, 
OOO, I'JOO* and I jOO 1{.P.,AI. Th(‘ diao'J’anis arc* illustrated in 
I 1 L and ll’J, and the poit ()|)(*nini»,s in each ease are marked on 
tli(‘ diao’i’am. so that the* juessure, l»oth in the (‘vlind(*i- and ei-ank- 
'eas(*, at the time oro[K*nin<i; ak'd elosiiijo* llu* ])orts, can he read off. 
Tlu* r(*snlts arc' tajailated 1 k‘Io\v: — 


• Ti-st 
N«) 

Spffil. 

0 

li 'll 1* 

1 II r 


Air IVtiol 
Kiitiii 

McfliHiiii a1 
Eftu inu-y. 

vv 

El iclKJii 
Ldss 

Fliiid 
I.OKb j 

4 

;;oo 

1!) 

2-48 

r»u-7 

i:rss ■ I*' 

I'ri « flit 

i 

■15-5 

IVr i-f III. 

10-0 

I'fV rent. 

8-0 

1 


2 1 

2-71 

C)2 7 

J 1 -2 1 ■ J 

i 77 

^18-5 

15-3 

7-7 i 

15 

/ ‘K)7 

25 

:r3o 

5:rd 

14-85 : 1 

i 

lo-o 

17-8 

7-2 

1 1 


2*U 

:r(i8 

. .57 "ft 

11-7(1: 1 

1 78 5 

45-2 

14-7 

0-8 

•21 

I»;i2 

:r;i 

4-2a ' 

.52-0 

i:r87 : 1 

1 77-0 

40-0 

10-25 

0-75 1 

20 

12JK 

: .:v3 

4-21) 

! 51-8 

lO-UCi : 1 

i 77-0 


IO;-i5 

(>-75 


I50S 

, :r(; 

I 4 ni 

47*'/ 

nras : i 

1 7;r5 

35-2 „ 

20-45 

0-05 

•2(i 

1510 

' :3 r> 

4*75 

. 4fr2 

1 

lO-fiH : 1 

i 74-0 

34-8 

10-85 

0-15 
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111 -IikIjcuIih iJiagiains fioin T>!iv Kiigiiio 




The. fuel eoiisuiiijttion ;iiid biuk(“ and indicated thermal eftieieiicies 
ilitained diirini; tlie.'ie tcv^^ts were as follows: i 


st N*. 

1 ; II V 

I 11 V 

- -Tf- 

Llis jH'i 
JIHP Hour , 

Lhs IMT 
iij.r Hour 

Brake j 
Tliertiial | 
Efticieiu 1 

Iliilu atinl 

Tlioriiial 




' 


IVi (ont * 

.*01 ( nit 

4 

1 \) 

2 -IS 

1 

0 7S) 

1 : 1 -3 . 


1 

21 

2-71 

1 ] '4 

0017 

1 1 0 

14 11 

1:1 

2o 

:{;i0 

o'iir) 

0 702 ' 

14;J 

r.i-r) 

1 1 

2 [) 

.’5 ’(is 

1 02 i 

0 T!)"! j 

1:14 

17-2 

-1 1 


4 -21) 

' U S7o 

• 0 (‘.7 1 ; 

15-5 : 

20 4 

LM) i 


4-2!i 

110 : 

0'S47 1 , 


k; 1 1 

j 


4<)1 

O-S’2 j 

O-aUS 

10 o’* 1 


:i(i 


4-7r) 

i -0!) ; 

(1 SOS 1 

» - 

12-0 1 

’ 10-9 j 




N 





The author has selected only a few representative e.ximjtles of 
tlie tliirty-live tests published by Professor )\atson. Test 38' is by 
far the best of any of th(‘in. d’lie highest B.TI.P. reeonipd is OTO 
at 1500 ‘R.P.M., Avhile at 1190 3-4 jl.H.P. ’was dcA oloped. Sinne.. 
an increase of 300 R.P.M. <rives a <-orrespon(lin]^f increase of only 

Voi.. I. 
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0'3 it would that the iriaxiiuum horse-power is 

reached at al)oat 1500 ll.JMM. 

By dint of further ex])eriiii(‘ntini»* witli tlie 2)orts and incr(*asing 
the i‘rank-ch.*uii])er inlet 2)ort ojxuiing. as ex2)laiiied befor(% Pro- 
fessor WatsoTi was able to increase tJu^ i^ower at all S2)eeds above 
(500 R.P.jM., but this im2)rovtunent was only obtained at the cx2)ense 
of the thei-inal ('thciency. The improved i-esults are given below: 


Test No 

Sju-eil. 

i.H.r. j 

1 

n.n r. 

IVIecliviii ;iil 
Kflicieiicy. 

lii'sike 

'riienniil 

litticieiicy. 

Iiidicateil 

"J'lierinal 

Ktticieiicy. 

IIP (11)8. jier 
square 
inch). 

1 


1 


J’i ‘1 cent. 

l*ei cent. 

'j’er cent. 

l*er cent. 

4l> 

<;of) 

•j k: j 

1 S.-l 

1. 74 5 ' 

e T) 

1-JS 

4r>-t 

' -I.') 

itl’L' 

4 11 ! 

.{.u 1 

SI-0 

1 I’S 

IdO 

nao 

1 U) 

1 -JUI) 

5- IS i 

4-20 j 

810 

^i!r) 

15-4 

:> 1 a 

■ i 

1500 

5 •74 j 

4 -lU 1 

81 0 


k;:; 

4 a f) 



The (Aieet *of tljis eliangc* lias been to iais(‘ the s})eeitic ])ower, 
and therefort' also the mechanical ethciency, very considcu-abl}', but 
tlie th(‘rn2al efficiency hau Imen muc.h reduced, owing to the larger 
proportion of fresli^ clfargi* Ipst througli th(‘ exhaust ports. The 
pej’cehtage of unliurfit charge in tin* exhaust is as Ibllows: — 
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Speed: 

Original Inlet Porta. 

Altered Inlet Porta 

600 

35 per cent 

32*5 per cent. 

900 

29 „ 

31-0 

1:200 

19 

tiV-0 

1500 

7 

17-0 


From the general slojje of the 13.1 l.T. curve it \h prol)al)]e that 
the maximurii would be about 4’8 at 1700 to 1800 R.F.M. 

One of the greatest obje(itions to engines of this type is theii* 
inal)ility to run at light JoaUs: This will readily be understood 
when it is considered that, even when runniiig‘»on full load, the ])ro- 
])ortipn of eombustil)le inixiture to^exhaust gases present in tlie, 
<'yJind(M‘ barely exceeds 30 per (‘.ent, and that, owing to the violent 
diffusion set up hy this sV stein of scavenging, this small propoition 
is intimately mixed with the products of ^combustion. If, liow, th(‘ 
pro})ortion of eoinbusti*l)]e mixtuiv be still further reduc.ed, it be- 
<*(>in(*s so diluted with exhaust products as to cease to be inOani- 
mable. In this case the engine ignites only every second revolution, 
that is to say, only after tw(3 charges have enl(M'ed the cylinder. 
This is generally known as ‘^four-cycling”, and is a common and 
tiresome Juibit with engines of this type. 

Th(‘ following rejnarks may be quoted from Professoj- Watson’s 
admirable paper on the Day engine, read before the Institution of 
Auloniol)ii(‘ Engineei’s : 

Wh(‘n comparing the working of this two-cycle engine with an 
oi'dinary four-cycle engine, it is to be notinl tliat the rac^ge of mix- 
ture l ichness which it is possible to.u.se is Considerably smaller 'vith 
the two-cycJe than with the four-cycle, due to tin' very much larger 
a<]niixture of exhaust i)foducts with the fresh chargy. ^ITnless tlni.. 
richin*ss of mixture be adjusted within eom])aratively narrow limits, 
paj-ticulaj-l}' at the high speeds, the engine refuses to w’ork on tin' 
two-cycle, and only fucs on every other out-stroke, the intei’inediate 
sti’oke acting as a scavenging stroke' ^ The ivsult of this peculiarity 
is, that unless the carburettor ppivides a mixtare of uiriform richness 
at different speeds and for different throttle openiiigs,Vsafftisfactoj’\' 
working cannot be obtained. In the case of the engine under test, 
tin* eff(?ctive size of the carbwi'ettor jet was hand-adjqsted in (^very 
case, but even then, at a speed of loOO R.P.M., it was ofteTi ditticult 
exactly to hit off the correct mixture.”.^ • . * * 

• Referj’ing to the retarding of combustion by the presence of so 
large a proportion of exhaust gases, Professor^ Watsbii says: 

“ The jiroportion of exhaust ].woducts to new charge is about 
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twice as great in the case of this two-cycle engine ais it is in the 
four-cycle engine. By detcu’inining the crank angle at which contact 
was made on the commutator, and the interval whicli elapses, with 
the particular coil employed, between the closing of the primaiy 
circuit and tlie passage of a spark, it was found tliat to obtain the 
best-sha[)cd diagiJim at 1500 R.P.M. the spark had to pass, and 
hence the charge was fired at, a crank angle of 30 degrees before 
the top of the stroke.” 

As regards mechanical features, it* must be remembered that the 
(iiief claim of these engines to popularity lies iv their low initial 
•cost, and therefore, their mcHiyinical design is carried out with a 
view to reducing cost of production to the low(ist possible limit, it 
is common ])ractice 'to cast the cylindei*, ^toge^ther Avith its Avater- 
jacket and the main liudy pf the crankcase, in one piece, leaving tlie 
top of the cylinder ojKm, and afterwards closing it with a plain flat 
cover, often unjackeled. In engines of the better (juality the 
(‘N'linder is cast separately from tbe crankcase but in one piece witJi 
the head, the head in this case be'ing hemispheihtal and watcr- 
iacketed. Iii all cases the i)orts are cored into th(‘ cylinder casting, 
and are not machined, l^'lie crankcase generally consists of a plain 
cylindrical body, provided with the iieci‘ssary lugs for supporting the 
engine, and closed by two plain circulai’ covers AAdiich curry the main 
bearings. Gas tightness in the crankcasi*. is generally secured by 
the use of very long main bearijigs, lubricated with thick grease, an 
arrangemei't which Avorks well so long as the l)earing is not badiv 
wor*ij. 

In the larger engines, in ceases where space does not peiinir of 
• ' ery long l»eii,rings, sealing Avashers are employed. These consist 
of faced Avashers, fitted very carefully to the? crankshaft, and made 
to revolA^e Avith it by means of a fea.the]* or ])in; light springs an; 
fitted behind these AA^ashers to keep them pressed against the inside 
Avails of the crankcase, Avhich Lire also carefully machined for their 
reception. 'Absolute tightness of the. ci-ankcasi; is a matter of con- 
siderable importiance, for although the ^pressures are Ioav, leakage of 
only a very small prop6rtion of air into the crankcase Avill alter the 
(iomposition of the (;ombustible mixture therein, and may lead to 
incessant trouble. In the design of piston-head there is a great 
difference of opinion. *Sonie^ designers shape the top of the piston 
Avith the greatest care, so that it shall deflect the incoming charge 
"“itp to the top of tin.; cylinder; others again, as in the Uay, use a 
j)lain flat- topped piston, with nothing but a A^ertical deflector plate — 
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n design which .seems highly unscieiitifie, hut in i)i'a,ctice appears to 
give equally good results. In the large Sulzer-Diesel engines, using 
bottom scavenging, a perf(*ctl}' 2 )laiu piston is used, with a slightly 
foiicave h(?a(l, Jind reliance is jjhuscd on the upward slope given to 
the ports. In practice the.se engines give the highe.st mean pre.ssure.s 
of any that employ bottom scavenging: there are, however, other 
reasons which exert a powerful influence in this ea.se. The author is 
iiK'lined to Ixdieve that the use of baffles on the piston is unneces- 
sary; there, is ])robably a» betti^r chance of propelling the incoming 
< harge u[) to the»tO}) of the. cylinder by using upward sloi*ing ports 
and giving the direction a*t a tiiqp when. \ elocity of tin*. gas(‘s is 
verv high, than by attempting to deflect them upwards after they 
have ('nt('re<l the (;j’liu('ler and lost much of*theij‘ velocity. 

With ri'gard to the “ lead ” of the ejhaust ])orts, tinned is again 
a considerable diflei'ctiee of opinion, and d»‘.sigijer.s appedr, through 
lack of jmblished data, to bi' very much in the dark. An examina- 
tion of the indicator diagiains lakcm from the Day engine reveals 
the fact that the. lead givemt in this case, is not sufficient except 
tor ((uite low .sj)eeds: for the puui]) diagrams show a Inarked ri.se jof 
])re.ssure ,in the crank-chamber tvlleji the exhaust ports are tinst 
o])ened, .showing tJiat tin' piT.ssure in the cylinder has not fallen 
siiflieieiitly. The port areas in this instance are. not given,^ so it 
is not jfo.ssible to ealculatt' the area, of e.xhausi ]»ort that is un- 
covered la'foic the inlet eoniuiences to open. To give the. h\‘n;l in 
(ernis of ilegrees of crank angle alone is not snflicie|it, the^area 
also mn.st be eivoii before anv u.suful dath can be arrived at. ‘It is 
Dvi(k*iit tliat tlu‘ su(.*(.*e,ss oi- otlit'rwi.se of engines of this type, must 
<l(‘p(*»i(l very lai’gely on tlie exact pru])orti()nini»- aijd J:iinino' of tiie 
])oit opiMiinus, and that the A^erv wide variations of output Irom 
a|)piircnll\' similar enjtines of ditlenmt makes must he due to sli^ljt 
<lirt‘erences in the size or timing; of these openings. The remaining' 
])arts of thesi* enginibs call for litfle comment, since they do not 
<liH‘er in anv way from simihir ])arts of otU:‘r enj^ifes* except that 
the cj’aidvcasi* is made as* small as jio.^sihle, aud alh elearapci's 
cut down to the minimum in order to reduce its ca])acity. Kven 
so, as has alieady been pointed out, the ch‘ai‘aiices ^re far loo great 
to p(*rmit of etheient pum[)init. 

The Gray Motor. — In tijt- i*^ slftnvn an eiti>ine*nfade by 
the tJiay INlotor (.knnpany, of Detroit, Michigan, t'.S.A.,*who manu- 
facture tliesa engines in enornmus (jmintitics^ tjuur* principal mai4veL 
being for marine work. As wilUbe seen from the illustration, the 
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engine is of the three-port type, snjiplenu'iited by n sum]] auxiliary 
inlet valve. On tlie upward stroke of the piston tlie small port on 
tin* left-hand side of the cylinder is first uncovered l)y the })iston, 
and combustible mixture is di-awn into the crankcase tlnougli a 
s])ring-loaded 'poppet valve. Owing to the spring tension required 
to oven'ome the inertia of this valve at high speeds, the admission 

of the (*hai*o(*- is 



necessarily some what 
throttled, and to ob- 
via.tq,thisan additional 
])ort is arranged, 
wlii('.h is un(*.ovci'(‘d by 
the skirt of tlu* piston 
Avhen it lias ^ almost 
i'ca(hed the end of its 
strokii. This j)oi*t 
allows combustil)le 
mixture to flow freely 
into the (*raiikcas(^ 
and fill it;^ at the 
same limt‘ it allows 
tli(‘ small iijl(‘t 
amjde time -to close. 
On the dowunvard 
stJ’ok(‘ of th(‘ piston 
th(‘ gas and air are 
entrap] )ed in I lie 

orankeas(‘ and eom- 
prcss(‘.d. 

The exhaust [un't 
on the left-hand side 
of the engine is un- 
cov(‘i‘ed by thc'piston when about 75 per cent (d its stroke has beiui 
• (*011^1 pleted,*aih] th(‘ inlet port at about** 85 pei- cent of the stroke. 

It wall l)e noted that the inlet ports are giveji a slight ujnvard 
inclination, and that the baffle on the head of the piston is litt(‘d 
\'ery close to the inlet side of the (*ylinder, in oidei- that the dedector 
shall acTOiptuj the gases«^at a time when their velo(*ity is still high. 
The hiwTrccnd of the inlet port (*oinmunicates with the cylinder 
, ’—through a slot ctut i/i the waU of the piston. 

It will be noti(‘vd that a devi/:!0 to prevent fjring-l)ack is fitt(‘d 


Tjk- ll.'J Orny .Motor, Model “1 
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in the inlet port, consisting of a nest of thin metal plates. The 
object of tliis device is to split up the gases and expose them to 
ji very laige cooling-surfa(‘.e. Tn tlie event of Unnie passing bac.k 
into the inlet port, this large surface is intended so^ to chill the 
burning gases that (*ombustion cannot continue between the plates, 
a,n<l no flame can pass back and ignite the charge in the crankcase. 
Tin* author is, ho\vev(‘r, very doubtful whether such a device can 
l)e (‘Hective, owing to the high velocity of the gases and, conse- 
quently, the extremely slhort time during which they are (‘xposiul 



to the cooling-surfaia*. Ikick-firing into the crankcase is one of the 
greatest (*vils of engines of this type, and both the author and many 
cithers have cxpt*rimented with similar devices, but without success. 

In the (Jiay ejigine, shown iji fig. 114, tin* cylinder, c.rankca.^*, 
and cylindei'-head foian tluec' separate parts, but in Jihi* smaller sizes 
the cylinder and h(*ad are ca;it in one piece. The intiiike^aud exhaust 
pipes are both castings, and are held in plact^ by means of steel 
clamps and dowel-pins, a 'very simple and neat arrangement. The 
exhaust pipe in all the larger sizes is wat(‘r-jacketed f3r a short 
distance from the (*ylinder, and it is usufd in marine, entities to 
admit a portion of the circulating water into the exhaust pipe, wluTe 
it mixes* witji and cools the exhaust gases* ^tljus t)oth helping 
sileui'c the engine and to keej) tjie exhaust pipe cool. The sizes^ 
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made l)y the Gi’uy .Motor Coiupaii}' range' from 3 to 12 horse-power 
per cylinder, the dimensions of tlie smaller size being 3^-in. bore 
and 3^-iu. stroke, and the normal speed GOO li-P.M. The largest 
cylinder has a bore of in. and a stroke of 5 in., the swept volumes 
being 33'5 and 130 cu. in. respectively. 

Te.sts carried out at the Purdue University in 1900, on a two- 
cylinder 1 2-horsc-powor engine similar to the one illustrated in 
fig. 114, and having cylinders 4^-in. bore and 4-in. stroke, gave 
the following re.sult.s. ' . 

Tho specific oravify and calorific valiu^ of llie ftjcl an‘ not stated; 
• 'but, since petrol was it xyill he faijly corriM't to tak(^ the^e as 

specific gravity 0*725, calorific value 18,500 B.T.l'.s j)(*r pound 
lower value, and tlie* l)rak(‘ lli(‘rnial etliciency .us (‘alculated on that 
])asis. The me(diani(*al etfi(‘ieni*.y, indicated JiOi*s(‘-power, and fiuid 
losscus are’ not re(*ord(*d. ^ 
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(Juniijaring these results with those which Professoi* ^^atson 
^'btain(*d frciin ^lie Day engine, it will he seen that they a.rc inierior; 
hut the author, judging hy his own (‘X])ci*ienc.c with engiinvs of this 
type, considers that Professor Watson’s results ari'. veiy much hetti‘.r 
than arc usually olitaincd. The spe(*ifi(; pow(u- of the (iray engine 
is 0-65 cu. in. swe])t volume ‘per maximum hor8e-])Ower; that of 
the Day eiigifio 7’1^ (.'a. in. ])efore tfie alteration to th(‘. ])orts, and 
5*P cu. ih. afto;’. The maximum Salue of the Day engine is 
53 Ih. per sipiai’e inch fit 922 K.P.M., and that of the (Jray 44 Ih. 
per square iiu^h at 909 R. P.M., the jhStoii spi'c.d being very nearly 
the same/in both cases, lint since in the Gray engine the tjj) value 
iiKU’cases iwiiformly as The s}»ee<l d(M*,reas(‘s, it is piohahle that tlu^ 
maximum*^ value is somewhat higher at a lowin' spiM.M]. The h(3st 
dr/ake thermal iWcienpy of thf- Day emgine was Jfi fi p*u' cent ])efore 
the alteration to the ports, while the Ix^st hraki^ thermal eHiciency 
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of the Gray engine is only 13'3 pee cent, a somewhat poor result. 
It is prohahle that the considerable difference in the results obtained 
fioni these two apparently similar engines is to be found in the 
e.xaet i)ort timing, and possibly in the (jarburation^. Professor 
Watson employed a carburettor with a hand - controlled needle 
adjustment for the petrol jet; Avith such an arrangement he was 
pi'cjbably able to obtain the best possible conditions, so far as 
carburation Avas eoneerned; but this method is of course only 
a 2 )plicable for a laboratory test. It. would be useless under the 
practical conditioi'^ of everyday running, sinefi it necessitates hand 
adjustment of the* pc'trol supply for <ivery change of load or .s]ieed. 

The Fetter Engine.- Me.ssrs. Fetters, Limited, of Yeovil, 
liaA'e recently ])ut oa the mark**! small two-cycle engine of the 
crank-clKimber disjdacejnent type, designad to run on paraffin, and 
to dcvelo[) 5 brake h(?rse-])ower. * In this engine, air only is com- 
]»ressed ill the base-chambei', and the fuel is taken up by the air 
dining its ])assage fi-om the crank-chamber to the cylinder, d'he 
engine is governed by throttling the air supply from the crankcase 
to tlie inli't ports. 'I'he control of the fuel is effected by the suction 
ill the ciawkc.ase. Avhich draws a certa'iii proportion of the fuel out of 
the fuel chamber irMo a small nozzle, situated in the inlet ports. 
The eth'ct of ri'strictiiig the jia.ssage of air from the crankcigie to 
the cylinder is to leduci' the. suction in the crankcase, and also tin* 
suction on the fuel. Hence ]e.ss air is taken into the crankcase, and 
les.-, fuel into the fuel nozzle, and the proportion between air and 
fuel more or le.ss retained. No ATipoiizei' is employi'd, and Such 
va]i(>rization as takes place, occui’s in the cylinder. 

Oniiig to the. high velocity of the entering air, the, paraffin Avill 
be thuroughly atomized, and partially \aporized by the hot CAdinder 
walls and jhston, and still hotter exhaufst ga.ses in the cylinder. This 
method of carburet ting jiaraffin is rather attractiA'c, in that it is not. 
nece.ssary to pre-heat any of the air required for combustion. Con- 
sequently, both a greater weight of air can be. UdmitK'd, itnd a higher 
compri'ssion enqiloyed. ProVided the fuel is thoroJighly 'atomiz*d, 
and intimately mixed with the necessary air* for combu.stion, it does 
not matter A’crv much Avhethe.r it is A'api>rized or not^ for there Avill 
be very little time for precipitation during the short period bet ween 
its admi.ssion and (annbu.stion. • * • 

In thjs re.sjject it Avould seem that the two-cycle engintT di.stiuctly 
gains OA’cr the four-cych', for if fuel A'eri' adiiiittetl to the cylind’er 
of a four-eyele engine during the suction stroke in the same manner. 
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a very large proportion of it would precipitate upon the cylinder 
walls during this period, nor would it have the same chance of Ixung 
vaporized, owing to the much smaller proportion of hot exhaust 
gases present in the cylinder. In other respects tlie Potter engine 
is very similar to the two engines previously described, but instead 
of using inlet ports to th(i erank-('hanib(U‘, a large leather flap valve 
IS employed, giving an ample area with very little inertia. The use 
of leather valves for this purpose is only practicable for engines in 

whicli air only is taken into 
the crankbase, for if petrol 
' be taken in it is liable to 
dej^troy the leatlier. Care 
must also be taken to en- 
sure. that the teuyperature 
of the crankcase shall never 
be high enourfi to damage 

o O 

tlio. Jeiitlier. 

It will be observed irom 
tbe illustrations (fig.s. 115 
and no) that iu-tlic T’c'ttcr 
engiue ' tlio cyliudor and 
(•rauk-ehauiber arc cast in 
one piece, and a sej)aiate 
\VMt(‘r-jackct(^d cyliuder-liead 
is fitted. This certainly 
luakes for cheap construc- 
tiog. and would seem to be 
entirely satisfactory. Large 
inspection doors are pro- 
vided on either side of the crunk-cbainber, through which the 
.epnnecting-rod can be inspected, or, if necessary, disconnected, 
while to draw the piston tin* 'cylinder cover must be rcunoved. 

No particulars of 'any independont tests carritfd out on one of 
tli» 3 se engines ate obtainable, but the makers state that the fuel con- 
sumption is approximab'ly 4'1 lb. per hour. If the ])owcr be taken 
as 5 B.H.P. os stated, then the fuel consumption works out at 
0’82 lb. per B.H.P. Taking the lower calorific value of the paraffin 
as 19j0*00 B.T.U.s per pound, the brake thermal efficiency becomes 
10 '3 per cent. 

'■ Three examples' of crank-ihamber scavenging engines have now 
been dealt with: the Day enginfe, using three ports and no valves; 
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the Fetter engine, using tin inlet valve and no port to the crankcase ; 
jiiid the Grtiy engine, using both tin inlet valve and a pent. These 
form the three letiding types, and, tilthough there are tin immense 
number of similar engines on tlic market, they all differ^ from those 
described above only in the most trifling details. The tyiie. of 
two-cycle engine in vehich th(‘ fuel is injected into the cylinder at 
the end of the compression stroke will be considered tit a later stage. 

Th6 Out-board Motor. — Yet another adaptation of this tyjie 
of engine is for what are k-aown *as “ qut-board motors ”, that is to 



Fiy. llG.-pPetter “Junior'’ Marine Engine 


sav, small s(*lf-coiitaiiied units consisting of an enmne cliivino; a 
propeller, which ctin be chinijted to the stern of a dinghy or rowing- 
boat, and so convert it into a motor-boat. These little apjdiances, 
which originated in America, are rapidly becoming popular, fo/ 
they can be very easily transported, sind can be attiiclietl to prac- 
tically any types of boat in a fetv minutes. A ty])ical ijxaifiple of onp 
of these motors, known as the Evinrude, is shown in fig. 117. 
It consi.sts of a small thvee^port two-cycle engine^ of from 1 J- 
to 3 horse-power, mounted horizontally, with one side of tllh crank- 
shaft extended downwards, and running-in a Jong brass slsevf*. * At 
the .end of this sleeve is a small, torpedo-shaped box, carajung the 
horizontal •propel ler-shaft and propellev, which i.^ driven from th& 
extended crankshaft by bevel gearipg. * 


3 
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.siuious vibration that they cause, owing to the high speed at which 
the engine runs, and the lack of rotary balance. To oVjviate this, a 
twin-cylinder opposed engine, known as the Archimedes, has been 
put on the market by a Swedish firm, and lias two horizontal opposed 
cylinders. I'he [listons are connected to two cranks 'set at 1 80 
(legi'ci's, so that the two pi.stons approach and recede simultaneously. 
Combustible mixture is drawn into the crankcase through a third 
port, and is compressed between the two pistons until the inlet ports 
lire uncovered, when it entprs the two cylinders. It is then com- 
pressed and iguitej;! in the two cylinders siinuJtaneously. By this 
iiican.s a perfect rotative Uilance ri obtained, but the turning 
moment, and thered’ore the reactionary balance, is the same as 
rhougli 11 .single-cylinder ^uigine of etpial total, capacity were em- 
plovcd. ^Owing, liowevcr, to the extremely high speed at* which 
these engines run, tlm' reactiornujy balance is a matter, of very 
little conseipience. 

In practice these* little engines run very smoothly, and, 
thanks to the ]jcrfcct rotationa4 balance, it is pos.sible to run them 
at ii much higher .speed than the single-cylinder type, and therefore 
at the maximum of efiicicncy or .specific powei*. In the author’s 
opinion, the cxpemsi; of adding an extra cylinder is thoroughly 
justitied, for not only does it practically eliminate all viliration, lint 
also allow.'^ of greiiter power for Ji given weight. Since the propeller 
is dri\ en bv gearing in any ca.se, its .speed is indejiendent of that 
of the <*ngine, and any reduction, within reasonable limits, can be 
jirovided in the gear-box. The Archimedes •out-board motor is lUildc 
in two .siz(*.s, 2 hor.se-] lower and 5 horse-power, the latti'r size being 
liarticularly intended fot .small sailing-yachts. In this case the 
< (>m]>h*te equipmc.nt can be detached when the yacht i.s* under sail7 
and the usual objection to .auxiliary motors, namely, the drag of the 
l)ropellei', is therefore removed. The vibnitiou cau.sed by some of the 
siiigle-cylindered out-board motors, besides being most objectionabhi ‘ 
to the occupants, may be dangerous to the ^structure pf the boat 
itself, which, as a general wde, has not been buijt to with.st.‘ind 
severe vibration. • 

The Bessemer Hngine. — The Bessemer engine, shown in 
ligs. 118 iind 1 lb, is a two-cycle ga.s-(*ngiuc of a somewhat* difierent 
type from finy that have been de.scribod so far. In this pngiiK*, the 
fnmt side: of the power piston is employed as a .seavengigg piston, 
but instead of totally enclosing the ci/inkca.s?, the f/ont end of tjje 
cylinder is closed, and a ])iston-rod^ and cross-lread emj)loyed. 'This 
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reduces the clearance losses, as compared with cnaakcase sca^'cngillg, 
and also jjennits of the free lul)ri«‘ation of the crankshaft and coii- 
necting-iod hearings; ])ut it is opeji to the serious objection that, 
with reduction of tlie clearance, the compression of tlie chaige before 
the inlet ports open is propoitionately increased, and since the 
compressed gases are afterwards ndeased into the cylinder, when the 
inlet ports are uncovered, the. work done upon them represents a 
dead loss, lienee, not only are the fluid lr)sses ineicaised, but the 
higli velocity with whieli the ehflrge Qiiteis the cylinder, due to 
it.s high initial compression, increa.ses tin? degi’ee ilifl'usion between 



Fij? 118. - Siiirflf-cyliiidiT Hfssenior Clus-engine 


tlu? iiicoiiiiijg gM8es and the exhaust, and makes ivguliir running on 
flight loads impossilile. 

To illustrat(j tlii.s, let us snp])ose that tin*, chiai’anec in front of 
tin; piston, wherj the latter is at the end of the stroke, is just (Mjual 
to the swept volume; then the gases will he compressed into half 
tjieir initial volume, and thek* pressui’c raised to 

('2^'' iK 14’?) — 14*7 = 24 11). ])ei‘ Sfjuarc^ in(*h, 

I * 

r \ 

assuming adia])ati(* compression. The })ressiir(i in the cylindei’, at 
the time of the opening of tin; inlet poi’ts, will ])rol.)al)ly be in the 
iieighboit/hood of 3 lb. per sejuare. inch, and the gases will (uiter 
with a •v'elveity corresponding to this jiressui-e ditferenee. The mean 
pressure on the front of the j)iston duiing the coni])ression sti’oke 
w'ill amount to about' 10 lb. » per square inch, plus a|)out 1 lb. ])er 
s<|uare inch during the suction sfroke, and, taking the moan ])ressure 
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of the expansion stroke at (50 lb. per square inch, it will be seen that 
the Hiiid losses on the delivery stroke amount to 1 8 per cent of the 
indicated horse-power. If the cleai*ane(‘ is increased, the negative 
work will be diminished; but the pi’oportion of charge that enters 
the cylindeV will also l)c‘ diminished, owing to the greater clearance 
Josses, and tlie s])ecitie ])ower of the engine reduced. 

With this aiTangement of scavenging it is necessary to ari ive 
at some com[)romise between the low sp(?cilic power of the engine 
on the one liand, and the high tiuid lossi's on the other. In so 
far as fuel consumption and thern}a] effiei(‘n(*.y are concerned, this 

.engine is probaldy worse 
than the ordinary erahk('ase 
s<‘.‘w^’(Uiging type, for the high 
velocity of the gases entering 
tli(‘ '^^yliiuler will pvobaOy 
toiid t«) ijjcroiise the loss 
thronoh th<‘ exhaust ports, 
o aucl the tiuid losst's, as already 
jload shown, are ,irreaL(?.r. 'Phe in- 

H- ; — — — , dicfitor diagrams shown in 

tig’. 120, A‘'(‘re t alien from a 
single-cylinder Bessemer en- 
gine of IG-iu. bore, and 20-in. 
stroke, developing 80 B.Tl.P. 

Fig. 120. -ludicHtm Hiiigrams. Itissemoi Engine Jit 180 I 1 .P..M., Ulld I'lllining 
‘ , on ijiitiiral gas, whiel) in most 

of its eharaeteri sties is akin to ])etrol vapour. The full-load diagram 
is .similar to that of the Day engine, and shows a mean elfeetive 
p)(!ssure of t)2 lb. pei' ."(inaie imh, eorresponding to an indicated 
horse-power of 112. The meelianieal efficiency is. therefnre, 71 per 
cent, and since the frictional lo.s.ses in an engine of this size, u.sing a 
separate cross-head and running at a piston speed of only GOO ft. per 
minute, will, prol)al4y not exeeed G lb. per square ineli, the fluid 
los.se.s b^cocne 19 per cent, wliieli is jibout wliat one would expect. 

From exan^iiuatioij„of the half-load diagram it will be sciui that 
thi.s hears all the evideuee of retai-de/1 oombustion, due probably to 
the eom^jh te'diffusioii of the fresh charge, aud exhaust ga.ses in the 
cyliuder. It would ,seem that if the charge were still further 
reduced, combustion wo-uld' either not take place at all, and, the 
engine would i“ four-cycle”, or would be so far delayed a^ to ignite 
the -next charge on* entry. 
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As showing the influence of stratification, it is interesting to 
compare this diagram with the half-load diagram taken from the 
Kicardo cjigine. If Ave examine the meclianical features it will be 
observed that, on the outwai-d stroke, gas and air are drawn into 
the (dearanc(‘ space in front of tlie piston througli the small 
spjing-loaded pot)pet vah-e, which also serves as the mixing valve. 
Tlie valve seating is flat and very wide, and lias a ring of small 
holes drilled all round the fa(*e. Air enters through th(‘ (centre of 
the seating, and gas through the small holes, the exact proportion 
being governed liy the nurnlier and size of 'the latter. By this 
uH'auii the single admission valv(‘ seVves also as the mixing and 
pro[)ortioning valve. The mixture so formed is very thorough, 
since tlu^ air has to pass'' over the seating at a Jiigh V(*loeity, and 
in so (lopig m(‘ets a lai'ge number of jets of gas issuing fivirn the 
small gas iidet holes. uKrom the valve, tlie mixed gases enter the 
annular cbaniber surrounding the front portion of the cylinder, 
and also tlie front ])art of the', cylinder itself, the purpose of the 
annular chamber being merely to increase the clearance space. 

Tli(i h(‘ad of the piston is made* unusually thick in oi'dtT to 

(‘onduct the heat fj'oni the centre aiA^ay to the cylinder Avails as 

rapidly as jiossible; -.in this respect tlu' use of a piston-rod very 

greatly assists in the withdrawal of heat from the centre [lorlion 

of the pl.-^toii. A deihartor of a tyjui somewhat similar to that- 

UM‘d on the r)ay engim* is jiroAdded on the li(‘ad of the piston, to 

jirevent sliort-einmiting through the exhaust jioits. 1die eylindei' 

is cast ill one piece Avith the water-jacket, and no separate liner 

is (*m])](wed. TJu* eyliiider-head is a ])lain ilome-sliaped casting 

of the sim])I(‘st possible design, and there are no valves or Axalve 

ports to eonjplicat<' the (‘asting, or inteiTen* with the free eireula- 

tinii of the ('ooling-watej-. Tlie only passag(‘ tJirough the eov(*r 

is tlie small hole required for the ignition plug which is fitted 

ill the ('ciitiAX Such a eombustion head as this is siiiijile to cast, 

and should lu*. Aery free from internal stresw diuj to easting, or 

to tem])(‘ralui-e dillerencH's in working, for the tliiekmvss ^f the inner 

wall ('an be almost uniform. The elll])l()ym^llt of an external and 

adjustable eross-lu^ad, in a'jicvsitiuii Avlierc* it can be kept cool and 

li(*(‘ly lubricated, will make for higher meehanieal ehicieiK'y, besides 

reducing the wear on the cylinder walls. '^Tliis is an , imjKtrtant 

coirsideration in engines as large as 80 horse-power pe'i cylinder 

and (unploying no s(*parate liner, though in this ease* it must be ad- 

mitt(‘d that the eyliuder is sueli a simple easting, and reqiiir(‘s so 
vciL. 1 ‘ 20 
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little niacliiiie work, tliat it is probaljly nearly as cheap to renew 
it entirely as to renew the liner of other engines. 

A stutting-oland is provided where tlie piston-rod })asscs through 
the front end of the eylind(M'. Idiis gland is (‘X])os(‘d only to the 
pressure in‘‘tlj(* front end, which is coin2)aratively low, and is not 
subjected to any very high tein])eratures, so that little trouble need 
bt^ anticipated from this sf)urce. The engine throughout is designed 
for rough work with very little skilled attention, and in (*ases where 
fuel is abundant and chea]) it prol)ably :fulli]s its purpose admii'ably. 
It is very extensively used iii America, (‘spcicially in th(‘ natural-gas 
and oil lields, for such ])ur|)Oses as pum])ing, air-com])i*essing, and 
other contracting work. Its low first cost and extreme simplicity 
make it suitable for all ])ur])Oses whefe power is required for 
tempomry purposes. 

The 'author lias seen a very, large nuniber of these engines at 
Avork in tlu* zinc and lead mines in Oklahoma and Missouri, IJ.S.A., 
using natural gas having a lowtu- calorific valiu^ of aliout flSO B.T.U.s 
p(*r (*ubie foot. They are also exten>?ively us(mI for ])um])ing oil from 
tlu' oil Avelks in America, using ‘‘casing head ’ gas, whi(*h consists 
'lai-gely of methane, and Jias a caloriii(* value of from 1000 to 1 100 
B.T.U.s ])er cubic foot. For this janpose, a ►siuglc-cylimhu* (uigine 
of from 30 to 40 hoj*se-})ower is generally used, and the fuel c.on- 
sumption is said to average about 18 cu. ft. jier B.II.1\ houi*, 
eorres]X)nding to a bi’ake thermal etti<*ien(‘y of from ll!’7 jici- c(‘nt to 
14 per cent. The (Company state that, during the last fifteen years, 
B(‘,ss(Uii(U' gas- and oil-engines of an aggregate liorse-powei- of over 
400,000 have, b(*eii supplied, in powers ranging fi-om 8 horseqiower 
^to 80 horse-power jier cylinder. 

SI MMAKV OF TWO-CYCL.E ENCiTNE DESION 

Bcifore leaving the subject of two-cycle engines it would be well 
to sum upAke^main rconditions which appi'ar to be essential to thi' 
success of d twp-cycle gas- oi* petrol -engine. In the fii'st pai t of this 
volume the different methods of scavenging liaA^e been describiul, 
and latei-, ])i-ac,tical examples of engiiKjs fising each of these, methods 
have bedn dealt with. 

(•l^'T^e fij’st condition is that the (juantity of fuel lost through 
thii exhavst ports shall 'be reduced to a minimum. To effect this, 
Ci’ther ])rimary and S(iconda.’*y air scavtuiging must be employed, 
or particular care must be takgn to j)revent diffusion between the 
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incoming chafge and the exhaust gases. (2) In order to permit 
of regular running under A'aiying loads, means must be provided 
wliereby a small proportion of 2 )ure uncoutaininated fresh charge is 
always ju'escnt in the vicinity of the igniter. (3) In order to enable 
the engine to (‘oni])ete coinmereiall}", tlie cost and weigfit j^er horsc- 
])()\vei- must be less than that of a four-cycle engine, to balance 
tljc sn 2 )ei’ior thermal elK(;ieney of the latter. This means that 
liigli sj)ecitic jAOW^er must 1)C obtained from a given size of cylinder. 
(4) The engine must be mechanically sim^de, and free from com]di- 
«'ated castings, c, specially if the lattci- arc exposed to the heat of 
combustion. '• k* • 

Stratification. — 1. It is evident that whether air scavenging 
be enqdoA'Cid or not, stri#tifi<'ation should always be aimed at. If 
it be sujA 2 )Oscd that the incoming air passes down the cylinder 
in a ])erfeetly stratified foian, jpjd that there is no admixture 
of, or diffn.sion with, the exhaust gases, then it is clear that one 
volume of air will cx])el and e.xactly icjjlace a similar volume 
of exhaust gas(!s, and that ifo air will 2 )ass out of the (“xhaust 
])orts until the whole of the products of combustion tire expelled. 
On the t)ther hand, if the air is, tis it enters, comjdetely auri 
instantaneously mi;.ed with the exhaust gasi's, the formula 
,c = 1 — c“" holds, where y is the ch;irg(i admitted and x. that 
relained. • This, for one cylinder Aolume of charge gives G3’2 jter 
cent of air retained in the cylinder. In jn'actice, of course, 
neither of these comlitioiis obtain, but the aim of the designer 
should alwais be to apju'oach tl|,e lirst • condition as nearlji as 
]) 0 'sil lie. 

'I'o obtain good stratillcation it is necessary (1) that the enterii^g 
charg<‘ shall be free from disturbing e.ddies, and .shall 2 )a.ss down 
the cylinder at as low a v<*lo(dty as jio.ssible. To etfect this, the 
contour of the cylinder walls .should be made to follow' the natural 
stream lines of the entering fluid aw neaily as ]>ossible. Further,’ 
tr» ])revent the charge entering at a high Vidocit^, it, .should not 
be ])revionsl} comj)re.s,sed t<» a higher jn-e.ssure thf^n iV absolutely 
nccessaiy to overcoini' the exhaust bac.k-pEe.s.sure; that is to say, 
the lehitivi'. movements of the. jmminng and j)Ower jnstons should 
be such that the air is not delivered from the pumji cylimh-r before, 
or at a greater rate than, it can enter tho working cyjinder, and 
receivers .should not be emi)loyed. • • 

( 2 ) It is nece.s.sarv that the release.of the hxliau.st gases shall not 
too suddoii, oi- tlu' jvjisos ronuiiyiug in tho cylinder will be' sub- 
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jocteJ to violcMit disturbances and eddies. For this reason the 
exhaust ports sliould not be too lar^e, and should be tapered, 
so that their openinj!; is gradual. These conditions, while, making 
for good stratification, do not make for rapid or comjdete com- 
bustion, for the gases Avill be in a state of stagnation during the 
comj)r('ssion stroke. To obviate this, and to ju-oduce \iolent 
turbulence in the gases at the time of ignition, the author favours 
tlie use of a small auxiliary igniting elianilx'r. This may be 
charged with fresh gases, either ‘by detlecting a portion of the 
main charge into it, *oi- by cljarging it se 2 )aiately during the early 
j)art of the comjwession stixf^'e. If fhe gas in this chamber be 
ignited, it will, owing to its rajad lise of j)rcssurc, ].)enetrate the 
main body of the charge at a high velocify, producing Aiolent tur- 
bulence in the gases, and igniting them at th(“ same time. 

It is •evidmit that if perfect istratiticatioh were obtainable there 
would be no gain Avhatever in using sejiarate air siiavenging. It 
is because perfect stratification is ajiiiareiitly unattainable tliat air 
scavenging is emjiloyed. When scavenging with combustible niix- 
tuie there i;s alwavs a certain loss ol‘ unbuiiit gas through the 
i*xlianst, Imt Avitli* ('arefnl atxentioii to tlio ('oiiditioiis o’ovonn’ni'' 
stratific-ation this (‘fui be rediK'od to a rt‘ns()i^ial)ly small jn'opoi- 
tioiK provided that the quantity of mixture admitt(‘d is not too 
great. The author has found tluit. with eareful dcbsign, lh(‘ loss of 
unburnt gas is almost iiegligiWe uji to indieatt?d m(‘an ])]‘(‘ssmes 
of a))Out JO to SO lb. per sfjuare inch when using petrol as fuel. 
Ali^'ve this, how(‘V(‘r. it 'lK*gins.tu be a])par(‘nt, and at 100 11). jier 
squar(‘ ineli tlie loss is serious. Foi- high mean pr(‘ssui’(\s, therefore, 
i,t wouhl probably be b(*st to use air scavenging, since, by that means 
the weight of air that can be retained in t]w cylinder without loss of 
fuel is greater. J>ut it must be rein(‘nd)ercd that the us(‘ of air 
scavenging will iiici-ense tin* frictioJial and fluid losses to a, very 
large (‘xtent, and tin* mechanical efficiency. (\spc‘cially at tin* lighter 
loads, will l)e‘redu('e(V, so that the brake tliiM’nial (*ffici(*n(*y may be 
nv high(*r. * fn^the ('ase of small engifJes tlu^ author has found that 
separate aii- scavenging'aetually lowers tlie bj*ake thermal efficiency, 
th(* dilF(*renc(iJ)eing very slight at full* load, but very marked indeed 
at or lielbw half load. 

Condition 2, regiilur rupning on light loads, ean be met by 
good stratification, and sV) ])lacing the ignit(‘r that it is always snir- 
TGunded by cortipava lively ])i>re (iomlmstible mixture. . This appears 
at first sight to be sinqile, but is. not easily accomplished; in practice 
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it is probably best to place the igniter in a separate chamber, as 
described above. 

Condition 3, high specific power, can only be met hj careful 
attention to scavenging, so that the greatest possible A^eight of aii- 
can be forced into the cylinder, w'ith the minimum of both friction 
‘and fluid losses, and of mechanical complications. 

Condition 4, mechanical simplicity, is probably best met. by using 
the inverted U type of cylindej’. Engines like the Korting involve 
tin- use of complicatixl cylirjder cov'crs of considerable thickness and 
un symmetrical slnq)e; sucli covers arc liable fo fracture owing to 
irregidar expansion. *• 

In constant-pressure two-cycle engines, such as the Diesel or 
Semi-Diesel, the ))rohlem of scavenging is vd*y much simj)lified, 
sinco the, fuel is not adipitted until the ccjmpletion of the (ompres- 
sion strokt!, and tin' corttrol both of speed and power is ca’rried out 
by varying, the (piantity of liquid fuel admitted, without any altera- 
tion to the scavenging. In these engines, all that is required is 
that the (lylindei' shall, at eacli revolution, be charged with as gieat 
a weight of pure air as ])0.ssib]e, and that this .shall be done witli the, 
minimum (expenditure of power. 1’hd (quantity of air taken in is at 
all times the same jwr stroke, and is generally independent of tlie 
power or speed of the engine, though it would be desii-able on, tin; 
score of mechanical efliciency to reduce the quantity of air on light 
loads. All that has been said with regard to stratification and 
ditfnsion applies to these engiiuis also, though in a le.ss<:r degii^e, 
while, on the other hand turbulei>ce is 6f even greater imjRjr- 
tance. 

d’here cei'tainly seems to be a future before the twci-cjcle ('-ngiin^ 
if nu'ans (!au be found to reduce the fluid and friction losses and 
increase the sp(icific power, lu largts plants, especjally of blowing- 
engines, the air-scavenging pumps could be abolishe.d, and then’ 
e.'C])onse and frhition .saved, by .scavenging the cylinders with aii- 
from the main delivery pijjes of. the blowing-t\ibs, ot- frcJiii a single 
large turbo-blower. This could .serve all the enginesjin onb ])Owci- 
hou.se, and its efficiency would be very much higher and finst cost 
lower than if each engine wefe fitted with .so])a)'ate ]vumps, but in 
this case soim*. means would h;ive to be found for distributing the 
an- equally to all the (ydinder-s. Such, a bldw’er, combiifcd with a 
Rt(‘)fm turbine, might easily be driven by low-yre.ssure stcifln, gener- 
ated from exhaust boilers. The heat otherwise lost to the exh:iu#b 
might thus be utilized to perform the whole of the air .scavenging, 
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and so effect a saving of fluid and friction losses amounting to some 
7 or 8 per cent of the total indicated horse-power. 

The specific jwwer can best be increased by increasing the weight 
of air prese.nt in the cylinder Avhcii compression commences. This 
may bo aceonijflisbed either by cooling the air before it enters the 
cylinder, and so increasing the weight of a given volume, or by 
throttling the exhaust, and .so raLsiug the 2 n’e.ssures throughout the 
whole .system. Experiments carried out by Profes.sor Junkers on a 
hii-ge ( >cchelhanscr engine a( .Iloerde. Westphalia, in which an int(*r- 
coolcr was fitted between the pnmp cwlinder and Vhe 2 )()wer cylinder, 
gav(‘ very satisfactory 'results. By c(RMing the scavenging aii* ficnn 
F. down to 77 F., tlie outjiut of the engine was increased from 
390 to 1(;0 horse- {'lower, an increa.se of ncaijy 20 ])cr cent in the 
.specific jtow'cr. The incieasc of weight of a.given A’olunie c f air due 
to this difference of temjicraturc.*’ would be i‘u the projiortion of GS3 
to 5G8, or .slightly over 20 per cent, .so that the s]DCcific {Hiwer varied 
directly iu jiroportion to the weight of air admitted ; which is a.s 
might be ex]»ected if all other conditions remaimal the same. It 
.is rejiorted 'that this increase of iiower was obtained wdthout any 
increa.se in the work of the, pnnif), or in the total amovnt of heat 
carried away by the cooling wat<“r. That the total quantity of 
heat carried away by the jackets was not increa.scd is quite 
jio.s.sible. for. altliongh the quaiitity of heat was incri'a.scd )»y 
20 {ler cent, the temperatures thronghont the wholi* cvcle were 
reduced. « The .second method of increasing the s])ecific {tower, 
naftiely by throttling tlie exhf.ust, has also been the subject of a 
great many experiments carried out by I’rofc.s.sor .Innkm-.s. It is 
evident tlajt if the cxiiaust be .so throttled that the baek-jiressuic 
amounts to. say. 1 atmu.s{jhere, and if the .same volume of air be 
present in the cylinder, the {ire.ssures.throngliout the whole cycle will 
l^e doubled Avithout any’ inerca.se in tem{)erature, and con.se((uently the 
.s{)ecific {tower of the engine aa iII be doubled, while the ])ro])ortionatc 
heat loss a'lid •aiechrfnical friction will bit reduced. On the other 
bund, thh Avorlj on the ]jnm{) Avill be sjreath' increased, owing to the 
greater back-{)ressure. ' The net I'csult is that the indicated thermal 
eflic.ienc.^' remains much about the .sa'me, but, owing to the greater 
{)ro{)ortionalc work on the {tunqt, tlie brake thermal efficiency is 
lower than Avhen AA’orking jinder normal conditions. 

The ilhlicator diagiams illustrated in fig. 121, and .sliqwn su]>er- 
ifUpp.scd, werc'takvn, tin* .smaller at normal full load,- and the larger 
when the exhaust w'as so far throttled as to raise the pressures by 
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jxltout 50 iK*r cent. In this latter diugruin the mean effective pressure 
is no less than 220 lb. per square inch, a truly remarkable result. 
This system of supercharging, combined with inter- cooling, seems 



Fif? 121 - Diagram^ Su[K‘inniif»se(l siiownjjc SuiM*i<’(»in]>rt‘SNion KtL ct Jiinkois 
\, Noinml oiiginc tluigiaiii. i., Su]i«‘iu)ininTSM<ni nigiiK* 


t(i be ihe most |>romisiiig method of inereasiiig the speaifie jiower of 
two-eyele engines, but the same result can be accomplished in thb 
ease of Juiir-cycle engines even more acf\ aMtageously. 



CHAPTER XXI 

SOME TYPICAL HORIZONTAL ENGINES 

L 

i 

I 

Altliough the oi’diiuuT gas-euginc wids tlie eAdii'st, and is still 
• the best-known foiin interual-coinl''usti(m engine, yet it in not 
projjosed to give up a great deal of sjiace to the eonsidei’ation of this 
type, partly because' it has alread) been dealt with at considerable 
length,’ and jiartly because it is rapidly .losing its pi’edominant 
position, ‘owing to the severe ertnijx'tition Iroin electiicity in the 
smaller powers, and from steam and Diesel and other joil-engim's 
in the larger. The gas-engines in use at the present linn' may be 
divided into three classes:- 

• 1. Small engines uj) to about 30 horse-power, used for general 
utility purposes, and generally supplied with town oi' illuminating 
gas. 

2. Aledium-sized engines of from 20 to 500 horse-power, gem'r- 
ally used for sho^i-diiving and foi’ generating electricity in small 
outlying plants. 

•3. Jiarge engines of from 500 lo 5000 horse-])ower, using waste 
gases such as blast-furnace oi’ coke-oven gas, and employed either 
for gcnei'ating electricity or Idowing blast-fuiTiaces. 

• < .* * * 

Small migines of the first class are used principally for general 
shoj)-driving, and have to compete with electricity for this 
jiurpose. Electricity can gmierall}' be purchased for small-])owei‘ 
purposes at, approximately, ]»/. per unit, which is equal to about 
0'8Hr/. ])ei- jio-rs^f-powar houi\ A small gas-engine below 30 horse- 
[apvei' will (?ons^me on the average abaat 12,000 B.T.U.s per horse- 
power hour, with \'aiwing loails, which is eijuivahmt to about 
20 cu. ft. of ^iverage illuminating gais. ‘ AVith gas at 2.s. G(/. per 
1000 cu.'ft., therefore, the cost of fuel amounts to 0‘(k/. ])er horse- 
power lloui;, but the eleetia'c motor has the advantage that its initial 
cost is loiter, it occupies' less space, and the cost of upkeep alsiy is 
lower. Moi’eover, ^siida* it i^i^much easier to start, iind generally 
very 'much handier, tlie stand-by losses arc less. Taking all these 
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points into consideration, the electric motor is generally to be 
preferred, and, with tlie rapid s})rea<l of (dieap electricity througliout 
the country, the scope of the small gas-engine using illuminating 
gas is being narrovviid down. It may be that the gas comjjanies 
will see lit to suj)ply gas suitable for power purposes at a much 
lower ivite, as they j)rol)al)ly could do; l)ut, unless this happens, 
the small gas-engine is in danger of })eing diiven off the market })y 
its competitoi', the electric*, motor. 

In addition to lh(‘ elei*tric motor, it has to compete with the 
semi-Diesel type cif oil-engine, using iV\sidua] oil. Such engines, in 
nornial oj)eration and on \arying ^*loads, consume about 10,000, 
D.T.L'.s per brake horse-power per hour. With residual oil at, say, 
70 n. l^er ton, the*. cc)st of fuel works out at oiily 0'2cl. per horse- 
]) 0 wc]- Ijour, l)ut such engines reepure lieating up at stalling, and 
are, generally sjieakiug, l(‘ss haiijy than gas-engines. *Their in- 
hiu'iiee lias not, as }'et, been very severely felt; l)ut there is little 
doulit that when this type of engine becomes better known and 
niidersttHxb there will l)e but limited scope for the ordinary gas- 
engine using illuminating gas. • 

The larger (*la.ss of gas-iuigiiie, ^in])loying 'produeer-gas iiiacre 
from (*()k(‘, or aiithi^icite, bituminous (*oal, wood refuse, &e., forms 
the clieap(\st source of jiower in (existence. With coal at 16**. per 
ton, tlie cost of powei* is onl}^ ()*]()<?. peu* horse-jiovver hour, based 
on a consumption of i'17 lb. of coal p<n* B.II.P. hour, which is a fair 
allowaiK'c. On the score of fuel economy, the producer-gas engine 
lais nothing to fear from either tl|e steam-, the Diesel engiiif^ or 
the electric motor. 

Lliifortuiiatcly, how(*ver, gas-jirodue.ers are in themselves a soui^e 
of weakiKvss. Both tin*, producer itstdf and the gas-cleaning appa- 
ratus reijuire very careful su])ervision, if successful results are to be 
obtained from ehea}) bituminous coal. Compared with an average 
steam yilant of (‘(jual eapat'ity and tnedium ])ower, the gas-engiin* 
using prodneer-gas e.onsuines h‘ss than one-third the^ijHantity of fuel, 
bur it lacks the tlexihility and r(*serve capacity of t^ie fitctim pJapt. 
CoinpariMl with elec'trieit)’, the cost is about one-sixth, and compared 
with the Diesel engine il iw half. It would seem^ that theje is 
a considerable^ futm*e Indore the gas-engine and produt*.er-plaiit, 
uot only for iiKMliuin but also for comparathvly large powerh* if only 
tlie troubles which at present are experieif(.*ed with bituminous coal 
piudii(*.ers can.l)e eliminated. ^ • • 

In large producer-gas plants of over lOOi^ horse-j>ower it* pays 
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to instal fimmoiiia recovery plant for the production of sulphate of 
ammonia, and since this by-product has a very high, though 
fluctuating, market value, the (tost of generating power can still 
further Ix'. leduced. 

f 

The larger types of gas-engines using waste gases have been 
very extcnsiv(*ly developed on the Continent, and (\specially in 
Germany. They are employed either for gcmeiating eh^ctricity oi* for 
1 flowing blast-furnaces, and their use is generally restricted to iron 
and steel works and cok(‘-oven ])l.‘tnt8; tin all of which ('as(‘s waste 
gases ar(* plentiful. * They have, of (*ourse, to ku'C a S(‘vere com- 
])etition from steam, fgr sieaih^ is nowjvery efficient for high-pow(‘r 
out[)uts. and its elhcicncy has been enormously increased lately by 
the introduction of exhaust steam-tnrbijV‘s, ^uniflow engijj(‘s, and 
other rfjodern (h'Aclopiinmts. The steain-engim*, moreover,, lias cer- 
tain marked advantages Avhich give it a v(‘r}' substantial superiority 
o^er the gas-engine, tlie <'hief of which is its (aipacity for dealing 
with tem]X)]-ary overloads, and its flexibility generally. 

Giiless the large gas-engine vnu show a imnv marked su])eriority 
ov(T steam 'ilian it is abJ(‘ to do at present, it is open to doubt 
whether this ty])e'of prime^ rnovor will survive. Thertj are indi- 
cations, however, that lioth the oveifload eajiaciyy and the eflieicuicy 
of large gas-engiiu^s ma\ be inijroved by th(‘, apjilication of super- 
charging, and th(‘ mor(* extensive use which is l)(‘ing nuYde of the 
licat of the (‘xhaiist gases for st(‘am-raising, &(*.. 

Xhe tljeorelfad considerations influencing tln^ d(‘sign of gas- 
(ujgcnes have alrt'ady been disirissed in tlic first volume, and it 
remains only to investigate a few typic.al examples of each of the 
l^^-iding types of engine now on the market, and to devote a certain 
amount of consideration to the question of govei-ning and sjiced- 
control. 

The Crossley Engine. -AVith j-egard to the smaller typos 
of' i^as- engines using town gas, these have sett](‘d down to what 
mav be dcverilval as* a standard design, and there is very little 
<liflcrenc(« l/etwp'U the engines made by tlu* various manufacturers 
in England aiid abroad. Tin*. (Jiosslcy engine sliown in figs. Ili2 
and 123 nuiyjic regarded as typical rtf this (‘lass. The inechanical 
f ‘atuivs fall for V(*ry little eorauient. The cylinder-jackets and bed- 
])late ’afe ^‘xst in one* t)ie(‘f, foiining a yrvy rigid (‘onsti’uction. 
By this R'Hians the beflrings for the side- or eamshaf^ (‘an "be 
moiint(xl upon'thq si(l(j of tjie Ixxlplate, leaving th(^ breech-end 
fr(‘(\ ' This is a point of eonsidfM-able. pra(‘fli(‘Hl iniportaiice, for it 
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sliilfl is ('iiriiL'd ill bieariiio’s attaeluMl to it. l^racticnllv all first-(/]ass 


|L:a.s-(‘iii:iii(\s are uow >0 Je- 
.siiiiied tliat tlie ])i*(‘cclj-eij(l 
i'aii 1)1* rcMiioved witliout dis- 
tnrl)in<»’ tlie eaiusliafl or any 
oiIhm- near, (\\('e|)t tin* ]»i])e- 
c'ojiiKM'tioiis. Till* eylinder- 
liiK*r is ))()lt(‘d to tin* hreiM-li- 
(‘iid or eoiiil)iisii()ji cliaiiibej', 
and passes tliroiiiili a cylin- 
drical hole bored out at tlie 
IVoiit (‘lid of tluMvaler- ja(*I\<‘t. 
Tlie linei* at tliis [loint is a 
b(‘e sliding lit in the jack('l» 
and l(‘akage (d* water is ])i'e- 
vented by means of one* oj* 



nion^ rublier rings fitted into i*V Sfctum tliroii^Ii lin-i-di-riul. ^'n»sslf\ (»as- 


gr(KiV(.-s tuiiK*(l ill tilt* liner. 


mill fietyijt;; jiracitieally ns j.)istoii-riii,i>s. "Jfliis form of j«iut is now 
iilmost univorsally einplo} ed, and ^s extrem(;ly satisfactory. « It 
allows the liner to ex]iand freely, and is perfectly watcrtiglit. 
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The crankshaft is mounted on l)earings, the lower half of which 
form an integral part of the Ix^dplati'. The bearing-surfaces are 
usually of white metal, but in the small sizes a special mixture 
of phosphor-bronze is frequently employed. liing lubri(tation is 
relied upon, and it would le dittieult to suggcvst any improvement 
upon this system, which is admirably sim})le and ettieient in cases 
where the bearing-loads and speeds are not too sevei(\ The con- 
necting-rod l)ig-end liearings ai‘e lubricated by means of wdck- 
lubricators in the very smallest etigine.^ and l>y means of centri- 
fugal- or ‘‘ l)anjo ''-lubricators in the largei’ sizes. •/J'lnvsc* centi’ifugal- 
. lubricators are f(‘d by .a separjite sighV-f(‘ed Jubi'icatur, which, can, 
of course, lie replenished while the engine is I’unning. The jnstons 
art' of cast iron, and ar(‘ very long and heavy. Evmi at the low 
S])eed at wdiich these engines run, they nmst have a pirjudicial 
etfect upon the mechanical efii«i(Micy. Tiny are very carefully 
fitted to the liners, and the clearance allowed below the rings is 
oxtremelv small. 

•/ t 

The pistons and cylindoi- walls aVc lulnieati'd l»y moans of an 
oil-pump, optrated from a cam on the sido-shaft, ami the gudf»(‘on- 
p'in receives its sup]dy of oil ‘from the same source, suityhle ducts 
heinc- provided to lead a portion of the oil scrapod liom the cylindej- 
walls to the cjmlgeou-jjin. The gudgeon -pin bearings are oi' ])hosph()r- 
bronze, made in two halves, and are adjustable like tlie erank- 
]jin l)earings. The author considers that this is unneeessai}' in 
the smallei; sizes of <‘ngiues. The provision of adjustable bt'ariugs 
iinadves a considerable iherease an the cost, and, worse, still, in tlu; 
reciprocating weights, as compared with a plain bronze lining or 
bush. It is necessary, in any ease, to with'draw the eonnecting-iod 
and piston in order to make any adjustment, and in these eireuni- 
stances it is (juitc as easy to replace a^worti bush with a m'w one, as 
it is to adjust a split bearing. The gudgeon-pins are of mild steel, 
ease- hardened, and ground to eJize, and under normal circumstances 
they .show very httle tendency to wear, but such weai- as does occur 
is very local,' owjng to the small angle through which the connecting- 
rods o.scilIate. Hence, rt cannot be taken up by any adjustment of 
the bearings, bpt the pin mu.st be eithtA' re-gi oiind or rejdaeed. 

The bVeech-eiid is a single casting, <‘om])lele with its wattu -jaeket ; 
and tllo&gluin the largw ,size.s this piece is always a .source* of weak- 
ne.ss, in engines up to 30 Horse-power ])er cylinder it does nof pvescht 
the. least diffieuKy. , Two vahv-s only are employed, om* for the ad- 
nii.ssi6u of both gas and air which have previou.sly been mixed, and 
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uiH' for the exhaust. Both valves are vertical, and the inlet is pro- 
vided with a detacliahlc seating so that it can be easily removed. At 
the same time, tlie exhaust valve can be withdrawn throiigli the 
o])eiiiiig left by the inlet-valve seating. The inlet valve is slightly 
larger than the exljaust, as indeed it should be. Bot/i valves are 
ineehanically operated, through the iiKidium of rocking levers from 
tli(' earns on the horizontal side-shaft. The side-shaft runs alongside 
and slightly below the centre-line of the cylinders. It is carried 
in ring-oiled bearings niomited on tin*, side of the bedplate, and is 
driven from the crankshaft by navins of spiral gearing, with a speed 
redue.tion of 12 : 1. Besides the earns* for operating the valves, the 
side-shaft also drives the governor, the magneto for ignition, and 
the lnl)ri(*ator foj- the . 

1 )\ st 01 1 . Ill tl u* sm a 1 1 es t t?^^^*'**’*^^*''*’^**^ 

sizes of (Vossley en- , I 

gine, governing is I 

(•fleeted ])y hit and ^ 

miss, in Vlneli ease a ; 

se[)arate gas \-alve is, ^ Jr | 

o“ course, us(v.i ope- F T ' I i 

r.itcd Ity iiK'Jiiis ol' 
ii ,sc])uratt* fiiiii <111(1 LI [' 

loiklljy lt*\(-‘l. lilt* Fii{. 12-1. -Crosslpy (.iiis-eiiKiiie. Governor Clear. 

011(1 (if tlio rockiiiji, 

lover is pi-ovidod witJi ii olii.s(*l edge, wliioli (^“iigugos with tlie gas 
vaho throngli tlio uiodium of a slijlhig Idoc-k, bctwooii the ciicf of 
tho valve stoiii and tlio “jx'okor”. So long as the block is in 
its normal ])ositi(Hi, tlui’ chisel o(lgc of the “pookor’' ongag(‘s a 
groove in tlie block, and so opens the Aalve; imniediately the 
spoi'd is increased above the normal, the governoi’ raises the block 
out of reach of tlio “ pecker”, and the valve remains closed. 

In all the larger sizes of Crossh'y engim's, fi-om about (» horsfc- 
power upwards, (juantitative govei ning is empJoy(*(l., Jil sizes rang- 
ing from 7 to about tlO lior.'V-powcr an automatic mix?ng> valve ,is 
nsed, and the governor acts ujion a buttertly throttle valve, Avhich 
regulates the supjily of mi.xtaire deliveied to the cylinders. I'lie 
type of mi.xing A'alve emphyved is illustrated in tig. 124, which also 


I'lj;. 1L*4. -(Vossiry Governor C« tar. 


^ho\vs tlic governor juid throttl(‘ valve. Air enters tjnxfiigh aii 
air-sileneer, and ])ass(*s thence b)"^ ii pastUige (not shown in the 
diagram) to the s])aee below the air-diisk. Tfiis disk* is mounted pn 
a spindle, wliich also carries the gas-admission valve and a .^mall 
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damper-juston to prevent it from fluttering. The suction of the 
engine lifts the disk, and with it the gas valve, so tliat both 
gas and air enter tlie tlii-ottle chamber. It will l»e noticicd that the 
air is drawn ])a.st the gas-admi.ssion port at a high velocitj'^, in order 
tliat it .shall thoroughly mix with tlie gas. The jnoportion of gas 
to air is regulated h\' the proportional diameters of the air-disk and 
gas valve. The whole ari-angement is acit simple, and has the 
advantage that, should the engine .stop from any accidental eau.se, 
the gas valve will imnn'diately and automatically clo,se, and thus 
any e.sea^ie of gas will he prevented. , 

.\nnther feature worth uotiV.ing is^that the air has considerably 
farther to travel than the .ga.s. This is important, becau.se, Avhen 
the main inlet val\ e of the engine closes,* theie is always a monnni- 
tary reversal in the direction of flow of tlu‘ 'fluid in the indue, tion 
])i])e. and a ceitain proportion vyill blow lauvk and esea])e into the 
atmo.sphe7'e before the mi.xing valve has time to elo.se. By making 
the air-pa.s.sages longer than the gas, whatcA'er is hist in this 
manuei' will he air, ajid not gas. For running on j)etrol,'the same 
mi.xing valve is employed, the only modifii-ation heing that the gas 
valve is replaced by a tajiei'<'d*> needle, which jcgulatt's the ,su])pl\' of 
petrol from a small jet. „ 

This engine may Ite taken as jopre.sentative of tin* smaller type's 
of gas-engines as made by neaiiy all makers in this eountiy and 
abroatl. Such x'ariety as exists is to he fouml only in the governor 
gearing, tpid in quite .secondary mechanical details. 'I’he whoh; 
de.sign of gas-engines of this ehiss has become jnactically standard- 
ized. Qualitative governing is nex'cr employed eni the.se' .small 
engines, and the choice lies between (ihantitative or “hit and 
miss”; hut the latter, on account of the irr“gnlar turning movc'inent, 
is now I'apidly d} ing out. 

The following te.st figures have he.en obtained fi'om a .small Cro.ss- 
ley o'as-eiio’ine of 25 wken niiiniiii’- at a spriM] oi‘ 2(i() li.V.M., 

and n.sijig t/)wn,o’as luiviiig a lower eakmlie value of 540 B.T. per 
cul)ic foot:— ^ • 


■ 

KH.V. 

(Jas ('onsumption ; TlH.ru.al 

eIh AS). r 

30 

10-7 

2.S-3 

per cunt 

14-5 ‘ 


21 1 


13-3 

' is-r 

2(\ 1 



10-7 

24 0 


\yr2 

27'H 

170 

,, 
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If tin? inedianic.al efficiency be taken as 88 per cent on lull load, 
as it may \v(dl liave be(‘n in this engine — which has large valves and 
conil>arativcJy liglit re(*ipro(*nting parts — the figures become: — 



l.H.P. 

]\](>chanica1 

> 

liidiciitod Thermal 

Ktliciciicy. 

KlKuifiicy. 

:U) 

341 

SS per cent. 

32*1 p(*i‘ cent. 

■2Ar) 

23-r> 1 

sn-c, „ 

520 „ 

1 s ;? 

•J2 1 ; 

«l-7 

520 

1 *2 -25 

LJ-.-ir) 

7.-. . „ 

! 52 0 

(iI2 

10-22 

60 „ . 

2S-4 

‘i- , ,, 


Gardner*’ Engines. — The engine illustrated in figs. 125 
aii<l 12(1 is ]nade by Messrs. L. (Jaidntn* & Sons, of Patricroft, 
]Man(*hester, and j’eseinbles the Crosslev engine in all l)ul a few small 
details. 'Jlie leading (dimensions of this engine are as follows* 


8’5 in. 
1() in. 
I. 


liore 

Strok (5 

Nuihber of cylindtu-.s 
S\vt‘])t volume 
Area of j)iston 
( \)m[)ression rat i(3 ... 
.Maximinn H.H.l’. 

u.r.M. ^ 

l*iston speed ... 

Pirake iiHiaii piessure 
Diameter of vabe ])orts 
Lift of valves 
LHeetive ansa- of opeiiiiiu 


1)12 cu.in. 

<}7 cu. in 
()-2(>:l. 

24-4. 

240. 

040 ft. j)er minute. 
rS.S 11). per s<iuar(‘ inch. 
•2'5 ill . 

0 025 in. • 

4*9 sf]. in. 

110 : 1 . 

47 ll)f » 

11). 

4 in. 

7 ()25 in. 

N7ib.^ . 

7(i 11). * , 

J10-5\|. in. 

40 in. 

« 

5- 1 . 

10-4. 

545.- 

2S 5 per cent. 


Ivatio (piston area to etl'ective area 
\N‘(‘ight of j)iston 

Weight of reci])roeating parts per 
])istoii ar(\a ... ... • . 

J)iameter of crankshaft 
Waltli of bearings .. 

NN'eiglit of connecting-i*od ... 

eight of reciprocating parts# 
l^ ojectcsl area of main bearings 
lAmgth of connecting-rod bctw^'cn 

Ratio (length of connecting-rod to 

Fuel consumption (cubic feet p(M* B 
loadj 

Lower calorific value of gas (B.lMT.s 
Brake thermal efficitnicy 


of valves) 
S(juare inch of 


cent )es 


Cl' 


rank-throw ^ ) 

r / 

H.P. hour ffill 

* 'i 

per (jiihic foot)^ 




Fig, 125.— ‘’Gardner ■' Engine 
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The particular engine to which the above figures relate was designed 
to run with producer-gas, hence the high compression ratio. Tests 
were cariied out at Messrs. Gardner’s works, using ordinary town 
gas as fuel. This was perfectly satisfactory so long as the engine 
was now, and the pistons and combustion chamber clean and free 
from c-arbon de£)osit, but it is probable that after long periods of 
running on town gas, with this high compression ratio, pre-ignition 
w'ould be set up. Tests were carried out at “ full “ three- 
quarters”, “half”, and “no lead”, and yielded the following 
results: > 


• 


MoiiJi 





Jjuad 


J‘rcsBure 

Cornpressifiii 

Gas j,cc Hour 

Gas per 

]irake. Thermal 

(B.H.J* ). 

(lb. per 
sq. 111.). 

1 rreasure. 

(cii. ft.). 

. 

K.H.l*. Hour. 

Kllicieiic}'. 


• 






IVr eerit 

•J4I 

240 

8S 

160 

402 ' 

16-4 

28-5 

18-1 

242 

i cc 

145 

357 1 

1 18-2 

25-7 

rjo 

. 245 

1 4i 

100 

276 1 

1 220 

21 '2 

— 

249 

I 

45 

1 50 ! 

1 

1 — 


Tlie mechanical elliciency on fi^ll load was reckoned to be 
Hit per ccht. * 

As the load is reduced, the fluid losses will increase, owing 
tt) the enlarg('d suc.tion loop due to throttle-governing; bu^ the 
iiiechanical losses Avill be slightly reduced, so that the net loss may 
be assumed as practicfdly constant at all loads. The actual results 
will, therefore, piobahly be approximately as follows: - 


i ioad 

(B.H.]’.). 

i.un*. 

m.Kv. (lb. 
per Hij. 111 .). 

Mechaiiieal 

Kfficu'iiry 

Iiidlcait d 
'riiermal 

- 



I’er rent 

Per ui iii 

24- 1 

27-5 

99-2 

89 

32 

18-4 ; 

i 21-5 

* 77-5 

85 5 

30 1 

1 2 :» : 

i 15-6 

56 

80 0 

2G 6 


1 :m 

! 

11-2 • 

— 

9-7 


On full load, the indicated thermal efliciency ih 32 per cent. 
With a compression ratio ‘of .G ^G : 1, the air standard efliciency is, 
approximately, 52 per cent, and the relative efficiency »G1‘4 per 
cent. The mean effective pressure, 99 2 Jb. per squfjrc .inch, is 
high for a gas-engine, and involves a mixture density of nearly 
80 B.T.tj.s per cubic inch. For th,is mixt'ure density, the ideal 
indicated efficiency, taking into account thb ’increase of specific 
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lieat at liigli tefiiporatures, is 
7 ‘I iM'.r c'eiit of tlic air staii- 
dai*(|, or 38 ’1 per cent. 1'lie 
actual indicated tliennal etti- 
ciency is a])])roxiniately 84 per 
cent of the ideal, tlu' difference 
of 1(J })er cent being due to 
Joss of In^at to tlie cylinder 
’ wallil dui*ing conil)ustion and 
exjjansion, and opening 

of /the exhaust valve. 

On tlu‘ whole, tlie results 
ai'c iSnjiarkably good Jbr a 
small engim‘ of only 8^-iii. 
boj*t‘, and riiniiinu at such a 
low j)iston s])(‘(m 1 as 04 0 ft. 
p(‘r ininule. Had tln‘ piston 
s^)(‘(mI bi‘.(‘n liigliia*, th(‘ loss of 
beat to tlH‘ cylinder walls would 
lan e bcHai l(vss, but ^ tht‘ nw 
chani('al (‘tti(*i(‘n(*y would liaxa* 
sufleied. The ])islon and j*e- 
ciprocating j)art.s in this engine 
arc exi*(*j)tioiially liglit as coni- 
])ared with usual gas- engiiu* 
])racti(-(‘, so tliat c.onsichu’al)!}' 
higher j>islon aiul I’otativi* 
sj)e(MK could Im‘ (‘.niployed 
without ail) a])pr(‘cia!)le in- 
cj;ease in the jnechanical frit'.- 
tion; but it would be neces- 
sary, in that cast*, to incu’easc* 

the size of the valv(‘s, othcu- 

• 

wiv%* the fluid losses and volu- 
metric. efli(*.icncy would suffer 
sefercly. 
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MEDIUM-POWKR GAS-ENGINE 

• 

Engines for 'Shop -driving, ^c.— Eugiuos of the second 
class, •for shop-driving, &c., a/t* geiieftdly liuilt in cither the hori- 
zontal or vertical tyjie, tl|e choice depciuling upon — 

9 

1. The tools and the general habits of the inanufac-tiirers. 

•J. ’The jiurposc f<;>r whiidi tlie engide will lie used. . 

The argjniients for and against tlu^ horizontal or vertical t^'pe are. 
very numerous, and often coni[)lex, liut as a general I’ule they may 
be reilin-ed to one or other of the two reasons givTii above. 

Where a high rotative speed is retpiired, as. for instanc(', foi; 
general ing»elec.tricity, forccal lubricatn^n and an cnelose.d crank- 
chaniber become cs,s('ntial. ruder the.se conditions the principal 
claim in favour ol‘ horizontal engines, namely accessibility,, is 
remi)\ed, and the vertical type is to be prcderi’ed, because it occu])ies 
less tloor-spuce and is somewhat easier to lubricate. Where, how- 
ever, there is no object in high rotative! spiicds, and an open engine 
can be eiujiloycd, the. hoi izontal tyjic’has the advantage that— * 

I. i)oth the pistons and valves are nirn’c acce.ssible. 

' 2 . Por a given s}»<‘cd and ]iower it is lighter, afiii, therefoi’i;* 
cheapi'r. 

3. It allows of a very good form of combustion ehaniber and 
arrangement of valves, without introducing any ditliculties in th'i 
way of valve operation. The same arrangmnent cannot be satis- 
factorily employed in the A^ertical type, bc‘cau.se, in* that e-fise, the 
valves themselves would be horizontal, which is unde.s^i'able, except' 
in engines of small size, . ^ 

It alltiws the use of a longer sirok(‘, with its attelidantj advan- 
tages. 

§ 

l^r Oleines of from 1 5 to 1 50 l*orse-pov?e.r per cylinder the fuel 
generally used, is produeer-gas, which, ds A'cry^npich’ cheaper tlnwi 
town gas. 
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Pioducev-gas, however, has the following disadvantages: — 

(«-) The engine cannot he started instantly, because it takes an 
appreciable time to get the producer lighted up and under way. 

(h) The composition of the gas is liable to vary between fairly 
wide limits, thus aft'ectiug both the mixture strength and governing. 

(f) 'fhe calorific power of the gas is low, generally in the neigli- 
bonrhood of 140 B.T.U.s per cubic foot, as against .t.oO to GOO 
B.T.U.s per cubic foot in tiie case of town gas. This means that 
the power output is necessarily reduced, because the quantity of 
gas retj^uired is larger and the air is, ^therefore, reduced. Hence, a 
lower mean pressure ’and lower mechanical efficiency. This; how- 
ever, is largely offset b}' the fact that producer-gas pcrniits of the 
use of a higher edmpression ratio, Avitlnait 4isk of pre-ignition. 

{(J) Unless antliracitt* (or, at any rate ‘good -quality and, there- 
fore, expensive coal) be oniployM, froiiItJe may arise from aii accti- 
raulation of tar in the vah es and governor gcariiig of .the engine. 
1'his can be mitigated, but not enti,rely overcome, by the .use of tar 
extractors. 

« 

It is not proposed, however, to deal with the extcn.jixe subject 
of gas-producers in this book. • 

The Tangye Engine. — Fig. 127 shows a Taugye eitgine 
of tlie type supplied to AA'<»rk in conjunction with the Tangyc' suction 
■gas-producer, using anthracite coal. It is designed to givt* a con- 
tinuous qutput of about G5 B.H.B. when runping at a s])eed of 
l‘J0 K.P.M. In genera'l fcatuves it differs but little fiom tin* small 
Crossley or Gardner engines just described, the ])jincipal diffidence 
being in the ^governing, the latter being' accomplished bv Aarving 
the lift of the inlet A’alve. 

On the iidct-A’alvc stem is mounted a .separate .small valve \Ahicli 
controls the admi.ssion of ga.s. This valve is fitted loo.sely on the 
.stem of the main Aalve, and* is hehl up to its .seating by a light 
.s^jriug. Atcoll^ir is provided on the main A alve. .stem, .slightly aboA'c 
tJie gas.A'aiAT, in such a ])o.sition tha^ as the mani valve opens, the 
collar comes^nto e.ontact Avitli the gas Aah'^e, and opens that also. 
There is a .spiall amount of (dcaranee lielween the eollai- and gas 
valve, in order to give the aii- valve a .slight lead during the first 
ami la.'it frictions of the valve travel, Avlicn air only is admitted, and 
the pa.s.sitge.s arc thus cleared of any gas that may linger in them. 
AFith this arr«iingement, it is clear that, as the*, lift of tin*, valve is 
incrfca.sed, the quantity both of gas and air admitted to the cylinder 
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is corrcspoiuliiigly increased, while the proportion of each is adjusted 
by the relative diameters of the gas and air valve ports. 

The method of operating and varying the lift of the valve is 
somewhat peculiar. A curved lever is pivoted at one end to the 
valve stem, and the other end is connected, through a push-rod and 
roller, to tin* cam mounted on the side-shaft. Above this curved 
lever is fitted another short lever of slightly greater curvature, one 
end of v’hich is pivoted to a pin above, and slightly to one side 
of, the valve stem. The other eiid is connected to a .screwed plug 
which can be raised .or lowefed by the partial rotation of a hollow 

.cylindrical nut. The whole 
arrangement is shown in de- 
tail in fig. 128. As the mov- 
able eml of the second short 
iever'is lowered, the'point of 
contact between it and the 
longer operating ' lever is 
brought farther a\Vay froni 
the valve stem, .and the lift 
of the valve is increased. 
'Phe two/;urved levers have a 
rolling action, with the result 
that, as the valve lifts, so 
the point of contact, or ful- 
(a um, shifts farther from the 
Fiy. 128. — Taiigryc OovcTiior Coar v.alve stem, and the velocity 

of opening increases. This 
arrangement provides foi' a gradual opening and closing of the valve, 
with nipid ficcclcration after it has once been started in motion. 
Th(‘ lift of the valve is cojitrolled by rotating the hollow cylindrie.al 
nut Avhich is coupled to the governor.' 

■ The whole arraiigcmenl is .ingenious, but it is evident that the. 
“ sensitivencs^i " of goyei iiiiig must de]>cnd upon the perfect freedom 
of moveipeKt of the screwed nut anil plug. Any friction here, due' 
to grit, »^c., tv^il throw, a lotid on the govei-n<»r, and will be liable to 
cause hunting. Moreover, the ge.ar w not balanced, for there- will 
always l*e an upward pressijre upon the plug, which will tend to 
rbtaftv t.hc jiut ajid so .jeact upon the governor. To check this as 
far .‘IS pos.<;jiblc, the nut itself is provided with <‘i wide; flange, which 
bears .against the bracket supporting it, and whose friction prevents 
it from rotating. ' ‘ 



MEDIUM-POWER GAS-ENGINE 


32r 


The exhaust valve consists of a steel stem with a separate (fast- 
iron head, which is very thick and heavy, in order to enable it to 
get rid of its heat readily, and to prevent distortion. 

A separate renewable sc'utiug is provided in the combustion 
chamber for the exhaust valve, a provision which seems to be 
(h'sirable in any but very small engines. In other respects the 
engine differs so little from those previously described that there 
is no need to devote any further space to it. * 

A series of tests were ejirried oul on an 80 horse-power Tangye 
engine, with a sui^tion producer using’ anthracite fuel, by Professor 
Alathot (of Brussels) in 1900. This engine had the following lead- 
ing dimensions : — * * 


iioro ... ... . . . • 

Stroke ... * ... 

E'P.M. ... !.. 

Piston speed 
Aren of piston 
Swept volume 
Compression ratio ... 
Air standard efficiency 


Kii in. , 

2H“in. 

IW). 

72S ft. per minute. 

214 eii. in. 

4922 cii. in. = 2 84(S cu. ft. 
()'8 : I (approx.). 

52 per cent (nppr^o.K.) 



rv<i 1. 

Tost 2. 

'lest o. 

• 

I )ur:itioii 

10 hours. 

5 1 lours. 

16 min. 

K. (aveiii^e) 

19080. 

i9o-;u. 

1S9-25. 

RIT.P. 

CkS’GS. 

^^l•12. 

8J^-7r>. 

l.II.i’. 

XVbCK 

9T91. 


Mciiii pressure 

(iS'H*! lb. pel- cu.*ifi. 

79-51 11). per cu. in. 

• 

M ecbanical (ifiicit'ncy 

84'21 yier cent. 

! 8t)-.S5 per cent. 

1 .. 

Compression pressure 

J 52 89 lb. per cu. in. 

159-29 lb. per cn. in. 


Maximum pressure 

205-97 „ 

350-99 „ • 

• 

Fuel consumption (lb.\ 
per i3.H.P. hour) .. 1 

0-720. 

0-6G5. 

1 

1 

( )verall brake thermal 1 

• 

2G-9 per cent. 

i 


efficiency ... ...jj 

2-1 '8 per cent. 



The brake thermal efficie,ye,y includes the Josses in tie jiroducei'. 
Ft is very doubtful whether the (‘tticiency of, the gas-producer could 
be higher than 85 per (Xfiit* and, in this case, the actual brake 
cfficienciesK)f the engine,’ reckoned on the gas consimiptioi], become 
29’J per cent at a load of OS'GR B. U.P. antl^81’7 per cent ai losfil 
of. 81’12 B.H.P. The meehanic'aF ettitiei^-y is given bj^ Professor 
Alathot *11 liis report as 84'2 per t'ent in Te^t 1, aijd as 8G'35 per 
cent in Test 2, Tf these figures be* accepted, ‘then the indicated 



THE INTERNAL-COMBUSTION ENGINE 


328 

thermal efticiency become^ 34'7 and 36‘7 per cent. These are 
exceptionally good figui-cs for an engine running on producer-gas, 
and Professor Mathot remarks that they arc the best he has ever 
attained. 

The relative efficiency in the former case is 67 per cent, and in 

K thc latter 70 ‘7 per cent, both these figures 
being based upon the somewhat doubtful 
assumption that the produ(!cr efticiency is 
8.') per cent in reach case. 

. In figs. 129 and 130 are shown two 


< f 

r* • 



Fig. 129. — Indicator Diagram, Tangyc Engine 


indk^ator cards, taken during the scconcl test. Th( first' diagram 
shows remaikably rapid and complete combu.stion, whicli is somc- 
Vrhat unusual with producer-gas, in which the ja'rc.cntage of 
hydrogen was found to bcj Only 1.')‘8 per cent, while the COa per- 
centage- was as high as G'7 per cent. The light spring diagram 
shows that the. fluid ]ohs('s during the pumjting strokes wme. exceed- 



/ 

ingly small, and that the pressure in, the cylinder had dropped to 
below atmo.splieric before the. end of the exhaust stroke, showing 
that adi antage was be.pig taken of the. ineitia of the gases in the 
exhaust ])y)c to assist in. withdrawing the products of combustion. 
This diagram also shows that J hft volumetric, ('fticicncy of the engine 
was high, for the cbrfipre.ssion‘line cro.s.ses the. atmosj)heric line after 
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the piston has travelled only about 6 per cent on the compression 
stroke. This indicates that the higher powers obtained in Test 3 
must have been obtained by increasing the percentage of gas in 
the mixture, and not by any further increase in the valve-lift. 

Ruston-Proctor Engines. — In fig. 131 is shown a sectional 
elevation of the Rustou-Proctor engine. This engine has a cylinder 
of 21 ’5 in. bore and 30 in. .stroke, and develops 150 B.H.P. as a 
maximum working load when running w-ith producer-gas at a 
.speed of 175 E.P.M. IS repi?csents about the largest size of 
cylinder which cai* be employed without resorting to water-cooling 
of thp piston — a condition which practically niarks the limit of size 
for this type of engine, for water-cooling of the piston is a tiresome 
and difficult problem, to lib avoided if possible. . 

It is^ now generally^ agreed that, when the powei- requint'd per 
cylinder exceeds the maximum tluvt can safely be obtained* from an 
uneoolcd jjiston, it is preferable to employ a double-acting cylindei-, 
for in this manner the power can be almo.st doubled for a given 
wc'ight of re(5iprocating parts, jfnd tlu^ cost per horse-pow'er reduccal. 
80 long as air-cooling can be relied upon for the pistons, then the 
single-acting engine is the cheaper;* but as .s6on as it becomes 
ncce.s.sary to resort, to water-cooling, it is more economical to 
employ the double-acting type. Single-acting engines, with uneoolcd 
pistons, afe now built in sizes up to 1500 hor.sc-powcr; but, in ’.such 
cases, large numbers of cylinders are employed, and the output from 
each individual cylinder never exceeds about ICO B.Pl.P. ^ In Dic.sel 
engines, the single-acting type is q.lmost invariably employed*, in 
.spite of the nece.ssity for water-cooling the pistons in the larger 
sizes, but this is becau.se flie double-acting principle introduces diffi- 
culties which do not apply in the ease of the gas-engine. 

In so far as the general construction and mechanical details arc 
concerned, this engine differs very little from those which have 
already been dcse-ribed. The crankshaft is not a solid foiging, but 
is built up, the crank-webs and balance- weights beipg .steel castings 
bored out and shrunk on to thf crank-pin and shaft. B}’ ifhia nicans,a 
somewhat cheaper shaft can be employed, and the danger of balance- 
weights coming adrift is, oT ceurse, eliminated. Ihis.form of built- 
up shaft has of course been well tcst,ed in marine steam-engme prac- 
tice, and has shown itself to be entirely .satisfactory. The c*Dnncct- 
ing-rod ][^ig-end bearing is of the ‘’marine type, with se|mratc cast- 
steel housings ibr the bearings. The conncctifig-rod itself has a fhit 
foot, and the two halves of the be.aring are, of course, lined \vith 
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white metal. This form of big-end beaVing is less costly than the 
solid forged type, and is perfectly satisfactory so long as the foot 
of the rod is ciirefully spigoted into the housing of the bearing, and 
the big- end bolts relieved of any shearing stresses. The design 
of the combustion chamber is generally similar to that of the pre- 
ceding engines, but it will be noticed that the water-jacket is left 
open at the back, and afterwards closed by separate dettichable 
covers. This is necessary in large engines because the infier walls 
oi the combustion chamben must, be* made very thick to withstand 
the fluid pressures^ and, in consetjuenc'e, their mean temjjcrature is 
considerably greater than that of the CK)oling water. The expansion, 
therefore, of the inner and outer walls i§ by no means equal, and it 
becomes necessary to avokl tykig them rigidly, together, otherwise 
the irregular expansion will set up severe stresses, which may lead to 
cracking. This probleig of the unequal expansion of the. inner and 
outer walls of the combustion chamber or cylinder does not apply to 
any appreciable extent in small engines, but increases in importance 
as the siA’ of the (iigine is incr«a.sed, mitil, in the very large engines, 
it becomes the controlling factor. . 

The admission of gas and air is •controlled in very much thh 
same manner as in tlje 'I'angye engine. *The main inlet valve carries 
a suj)])lementarv gas valve, and the quantity of mixture is controlled 
hy the lift of the two valves, which, again, is undcir the control of 
the governor. 'Fhe variation of lift is acconqdished by providing the 
top of the A'ah’e with a broad flat face, over which a movable roller, 
controlled Ity the governor, travels as shown in fig. 132. ^his rdjler 
is, in ed'ect, a movable fulcrum, increa.sing the lift of the valve 
as its distance from the* pivot of the rocking IcA'er is increased. 
The roller, of course, is relieved of all load, and is perfecUy free {o 
move during the whole period that the, vah^e is closed. It is not, 
however, a truly balanced gear.’ because the rocking lever and valve 
fae.e are not at all times parallel tci oik* another. Consequent!;^, 
there is always a tendency for the roller to be forced .iq one direc 
tion oi" the other. This temien’ey might react upon th»* govermir, 
but is prevented from doing so by providing the rt.yev with two 
conical flanges, which have* tin* effect of binding upon the rocking- 
lever, and so introducing a frictional resistance. It must be noteil, 
however, that in this case the resistance is applied only ilurii>g the 
l>e.riod that the A'alve is lifted, and* that at»other times the loller is 
perfectly free ^o moA^e. ' , * • , 

Both the inlet and exhaust valves arc operated from a single 
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cam on the side-shaft, an arrangement whicli is decidedly neat from 
a mechanical point of view, and which makes it possible to place 
both valves in the same line, and operate them direct through 
straiglit levers. It is, however, open to the objection that it is 
not jjossible to time the opening of the two valves independently, 
and that there must necessarily be a considciablc amount of over- 



Fig 132. — Cross-section of Iluston-Proctor Oas-ongine 


lap. whitth Is desirable only when the (ixhaust-pipe arrangements are 
suitable. Al/:b, the cx-haust valve cannot be opened as early as it 
should be, whjch results in an appreckiblt amount of fluid lesistanec 
during tiie early 2)art of the exhaust stroke. 

The piston is lubnicated by means of a foreed-fed lubricator, 
actuated from the side-shaft, whiCh delivers oil to the top side of the 
piston. A separfxte sfght-fech lu^iacator, fitted near tlie open end of 
the 'liner, supplies od to a trough carried on the front end of the. 
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piston, from which it is led by a smalf pipe to the gudgeon pin- 
l)caring. 

It will be noticed that the head of the piston is enclosed by 
means of a light detachable cover, the object of this being to pre- 
vent any oil from reaching the under side of the piston-head, where 
it would carbonize, and give off' unpleasant smoke and smell. 

'I'he exhaust valve is very massive, both in the head and stem, 
with the object of maintaining an even temperature and of getting 
lid of as much heat as poftsible "down the stem. It is one of the 
difficulties with the larger sizes of gas-engines that, in order to 
preve.nt wide variations of temperature in the working parts, with 
the eonseejuent risk of both pre-jgnition ^and failure through unequal 
expansion, it is lu'cessary* to riflake all parts which are c.xposed to 
high temperatures, and ^which cannot conv eniently be water-cooled, 
very thick and heavy. *[n doing sq, the mechanical efficiency suffers, 
and the wear and tear is increa.sed, unless a very low rotative speed 
be. employed. This, again, involves greater heat loss, and increases 
the eost,*size, and we.ight of th6 engine. 

The Ruston-Proctor engine runs normally at a speed of 175 
li.P.M. per minute, corre.spondiug to a piston’ speed of 875 rf. 
per minute, which is high for so large an engine of this type. 
The brake mean pie.ssure is 72 lb. per square inch, and taking the 
mechanical efficiency as 85 per cent, the indicated mean pressure 
will l)e a]»proxiinately 85 lb. per .square inch, certainly a high ffgure 
for so large an engine with uncooled piston and valqes. Such 
engines cannot run with very strong mixtures, owing to the I’igh 
tcnqieratures involved, and the ri.sk of pre-igjiition from overheating 
of the micoolod parts. To obtain a mean effective pressure of 85 lb. 
[)er .square inch with a weak mixture of producer-gas and air, indi- 
cates that tbc volumetric and thermal efficiencies must be verv hich. 

It is l)y iJO ni(‘ans an (‘asy iiiatUn* to measure accurately the 
<|uantity of gas consumed by any ga#5-engine, because tlie pulsation 
in the pipe-work, caused by the intermittent ^uctiqu ©f.the engine, 
interferes witli the accurateoworking of any gas-mctei" l?>enee the 
consumption of huge gas-engines using producer-gas isv^Jinost always 
ineastired on the quantity 6f ^^uel consumed in the producer. From 
a commercial point of view this is all that is required, but it does 
not give any clue as to the actual thermal efficiency of .tin* engine 
alcrne, % the etti(deucie.s of difl’erbut producers vary cciisiderably, 
both between, themselves and accordijug to .tJIie class of fuel us<jd. 
In consequence 'of this difficulty, tictual ffgures as to the tlitlrmal 
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efficiency of large gas-engines are not easily obtained, except in 
laboratories equipped with sjDecial a{)paratus for measariiig the flow 
of gases. 

Engines .similar to the one illustrateil in fig. 132 are built with 
one, two, or four cylinders, giving 150, 300, and 600 B.Il.P. In all 
eases the cylinders are arranged side by side. In the case of two- 
cylinder ^engines, the two (*rank-pin.s are almost invariably in the 
same plane, so that there is one impulse at every rcN olution, and 
tin* interval l>etween the impulses* is thb same. This ariangement 
provides for a unifolni turning moment and good governing; but, 
as pointed out previously, tlfe, rotary/ lialanee is exceedingly qioor. 
Koi- slow-running stationary engines, liovv(‘V(‘r, foi‘ whi(*li ample 
foundations can easily b(‘ prcndded, this is*not a very serious matter, 
and experieiH'.e has shown that, for such, engin(‘s, ('ven, turning 
niovemeiir and accurate governing are of *more inq.iortaiicc than 
rotary balance. 

Jn fig. 133 is shown a photograph of a two-eylindei' 250-1111. P. 
l{uston-P]‘o(*tor engine. In so far *as the mechani(*al <li‘tails arc 
coiiet'rncd, this engine rescunbles the one iiist described in all 
respects excaqit that a solid ‘’forged-sl eel crankshaft is /unployed, 
with east-iron lialanee-wtuglils attacluMl hy moons of tension bolts. 
The leading dinunisions of this engine are: — 


1)01*1' 

lO r) in 

Strokf 

Nuinher vf cylhaiers 

IVstuii area ... 

s(| in. 

Swept volume (cubic I'cet per c^dindei*) 

4t)7. 

(/ompression l atio 

5-4: i. 

‘.Maximum V.ll.P. 

•250. 

KVM 

1 No. 

Piston speed 

N32’5 ft. pel* minute*. 

(brake mean ])ressure) 

()G*2 11). j)er sepiare inch 

‘Diaim^ter of inl(^t-val\’e port 

7 5 ill. 

Lift of inlet valve , 

1-375 in 

Etf*ctive ... ^ 

32*3 s(| ill. 

*1 )iaineter of exliaust poi t 

7*0 in. 

Lift of exlia'lst valv(‘ . 

1-625 in. 

Effective arej\ of opening ... . . . ** 

sq. in. " 

Ratio (/■ piston area to inlet area 

9-2.') :1. 

Weight of piston ^.. 

Hni) lb. 

Weight of connecting-roc^ '... c ... 

fS97 lb. 

Weight ol reciprocating parts ... *. 

1220 lb. ‘ 

‘Weight of reciprocating parts ‘iper square inch 

* 

'oi piston arc(i ... ... ^ 

41 lb. 
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In actual operation, the makers state, this engine consumes 
13 cu. ft. of town gas, having a lower calorific value of 650 B.T.U.s 
per cubic foot per B.H.P. hour; or 0*7 lb. of anthracite, having 
a calorific value of 14,500 B.T.U.s per pound, with a producer 
cftic/icncy of 83 per cent. In either case the brake thermal efiiciency 
is almost exactly 30 ‘2 per cent. The air standard efficiency for this 
engine being 49 ‘2 per cent, the performance is an excellent one. 
'L'he mdkers state that the mec.hanical efficiency, as a,scertained by 
indicator diagrams, is 82 per cent, which seems very low. This 


figure makes the indicated thermal efficiency x 30'2 per cent 

‘ < 82 
*“ r* I " 

6 *8 

= 3G‘8 per cent, and the relative efficiency = 75 per cent, 

• ‘ 49 2 


which is altogether too high. The relative efficiency in such an 
engine* as this could hardly be higher than 71 '5 
per cent, corresponding to an indicated thermal 



Fig. Tndicator Diagram, liiiston-Proctor Ijxas-cngino 


efficiency of 35 '2 per cent, and a mechanical efficiency of 8 5 ’7 per 
cent. The makers further state, that the brake leadings and the 
measurements of gas consumption were recorded with an accuracy 
wTiich leaves little ropra for_ doubt. The. iuilicated horse-power, 
however, was arrived at by nu!ans of a pencil indicator, which is by 
no means accurate'., and generally has a t< ndency to read too high. 
By caUiuration, the mechanical efficiency works out as follows 
Fluid Loss . — The gas velocity through the inlet valve is 


9 25 X 832’5 
60 


129 ft. per second. 


and th^t .through th(; exhaust is 'slightly lower; but the opening 
of the exh^ist valve ,is late, as is shown by the indicator diagram 
(fig. 134), so that the fluid losses jnay be as high as 4‘5 lb. per 
.s(juare^inch. 

Fidton Friction.— The weight of the. n':ciprocating parts is 
appi’oxin^ately 4'1 lb. ,per' square inch of piston area, so that the 
piston frictioi? will amount td about 4'8 lb. per S({uare inch. 

• Bearhig Frictibn . — The bearing and other friction in a two- 
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cylinder engine such as this will probal)ly not exceed 2*5 lb. per 
square inch. 

The total Josses, therefore, will amount to — 


Fluid loss 
Piston friction .. . 

Ecaring and other friction 
Total losses ... 


4 5 lb. per square i)ich. 
4-8 
•2*5 
fl-S 


The brake iiu^an ])ressure at nownal full load is 6(5 ‘2 lb. j)er 
S(]uare iiieli, so tliat the indicated nuMin pressure will be — 

()f)'2 + 1 I ’8 =# 78 lb. per square inch, 

and the luecliauical (ifhciency bciconies 

0 6-2 


7 8 


= So [H‘r cent. 


If this figure be accepted, then tin' indicated tliernial efti(‘i(‘n(jy 

becomes i x 80*2 = 35*5 per cent, and the relative eftieieney 
So 

72*3 per et'ut, wliich still seems to be somewhat too high, and 
suggests tjiat the me(*haui(*al efficicmcy" must bo even higher than 
the calculated one. In any case, the results obtained aie remarkaldy 
good,*and h^aA O very little scope for improvement in any dircettion. 

The Crossley Engine. — The Crossley 1 30-horse-po\ver pio- 
ducer gas-engine, shown in tigs. 135 and 1 30, is similar in most respects 
to the liuston-Proctor (‘iigiiie just dcscril)cd. Engines of, this type 
arc, and have been, made in such large (pnintities tfiat the design 
has b('en practically standardized. The construction throughout 
is sim})le and thoroughly substantial, and the whole engine has a 
neat and workmanlike appearance. This engine has a eylinder bore 
of 13^ in. and a stroke of 28^ in., and develops a maximum of 
130 Lkll.r. wlion running at a speed of 180 Iv.P.M., eorresponding 
to a piston sp('ed of 840 ft. f)er minute. The brake mean pressure 
is ()9 11). per sciuare inch, and the ijjdicated riK'an pressure, on the 
a.ssiim])tion that the niccliani^^al etlieieiicy is 85 per cent, rs stated 
by the makers, will amount to 81 lb. per square inch, ^-ather a high 
figuref (bi- a producer gas-engine. The brake tliei-nial cfiiciencies, 
as guaranteed by the makers, are as follows 

Full load... ... 25^1 per "cent. • 

Three-quarter load 22 b - > 

Half load... ... 1§’4 ./ ■» , 

• Quarter load ... 12'7 * 


VoL 1 


22 




Fig 1X».— V. i’ro'^slej CTas-tiigine 
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These figuies appeal- sotnewhat poor for an engine of this class 
and size, but they are tlie figures which tlie makers guarantee to 



obtain from a new engine on the test bee?, and are uAt flie best 
figures iobtainable after careful .‘idjustmhnt and a (?busiderable 
amount of rinuiing in. Witli a .somewhat Ja^-giir e'ngine cf 21 in. 
bore and 30 in. stroke, running at- 170 R.P.M., aivi u.sing town gas 
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of 550 B.T.U.s per cubic foot lower heating value, Messrs. Crossley 
have obtained the following results, after careful adjustment: — 


B.H.C. 

Gus Gonsuni]>t.ion 

! 

J^rsike 

T^.rake 

(cu. ft. jier 

Mean Pn?8.sure 

j Thermal 


hour). 

(lb. per sij. in.). 





l*er cent. 

](;o 

1 T) 7 

7Gi 

20() 

}:>0 

170 



80 




40 

27-7 

' « 101 • 

1G8 

iMj 

. -H-O • 1 

O-a.-) 

11-3 


1 


e 


If now the rnecluuiical etiiciencv ()rthis enuine. when runniiio; at 
a load of 160 be taken as ^'*6 pc^* cent, wliich is j^robably 

approximately correct for an engine of this size, running at this 
speed and mean pressure,'" the results becohv*: 


ij.ii.r. 

i.n.i*. 

Mechanical | 

ElJicicricN . ' 

Mean l*res.sure 
(lb. per sf]. in.), 
o 

indjcaterl 

Thermal 

Efficiency 

1 ' Helative 

Efficiency. 

. 


l‘er cent. 

I'cr cent 

3*ri ceiil 

Per cent 

160 

•186 

86 

88 -7 

34 1 

67 a 

' 1 '20 

14C, 

H'2-2 

69 a 

33 -J 

Ga-l^ i 

80 

100 

«) ; 

aO-a 

31-:; 

I ' 61a ] 

40 

60 

OO-.T 

3 1 -(i 

t7-7 

54-5 

:i0 

40 , 

! 

-T 

i 


2C) 0 

^ J 


The steady fall in tJi(* indicated thermal cHiciency is just exactly 
what one ^yould expect in an (mgine such as this, which is controlled 
entrr(*ly by throttling berth gas .and air, and in wliich the mixture 
density is kept constant, llnuv is little doubt that the indicated 
thermal efficie,ncy, when running at 120''R.H.I\, could be sub- 
stantially improved if tlic mixture density w(‘i‘(i riMluced, i.e. if the 
gas only were throttled at, this load; but since, in this engine, there 
is no provision for stratification, the limit of (|ualitative governing 
would very soon be reached, affd it is probably hardly worth wdiile 
to comjdica^e* tbo system of goveniing for the sake of a small 
improvenxont in the cfficieTK'y over a comparatively narrow range of 
load. f 

The engine is governed by varyiifg the lift of the main "’inlet 
valve, which admits both gas and aii’, the admission of gas bcung 
contro'ilfed by a small vulvc piounted concentrically on the stem of 
the main inlet valve, as i^u the liuston-Proctor engine. The method 
of ‘Varying the lift ;s yl^arly sljown in the cross-section .of the breech- 
end (fig. 137). ^t will be seen that a curved lever is employed, one 
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eud of which is pivoted to the inlet- valve stem, and the other to 
the push -rod actuated by the earn. The fulcrum of this lever is tlic 
end of a small radius rod, pivoted above the centre of the lever. 


actuated by the governor. 
The radius rod is not in con- 
tact with the lever while the 
valve is on its seat, and it 
can, therefore, be moved by 
the goA'crnor without fricitiofi. 
It is obA'ious thaUthe iicaicu' 
the fulcrum is brought to the* 
inlet valve the smaller is tlic ' 
lift of this vah'c, and thc^ic- 
foro th(' smaller the quantity 
of charge taken into tlic 
cylinder per cycle. From a 
mechanical point of view Ihis 
ariiUjgement is excellent, for 
it is perfectly balanced and 



Full load j)osition 


CROSSLIY 


f’ri('.tionlos«, iiiid in practicHi it 
(•(‘i tainly works adiiunibly. 

Thr two indicatoi- (taids 
shown ill ’Jig. 1138 w(n*(' takrn 
from this oiigiiie, ono Avlum 
riiiiiiing on nearly full load, 
and the oth(‘i' dead light. 

^J'he light-load e^ards, liowev(‘r, 
vary so greatly from one (iycl<‘ 
to the next that very litth‘ 
information can be obtained I 

from them. The full -load card ^ ^ 

shows very rapid combustion, • ^ * 

indicating e.onsidcrable tnr- , ^ ^ (C^ 

buhmec within the cylindei*.f ‘ , , , . . • 

^ Lij'hi load pusitiou 

Ihe compression pressui-c is ,, • a, , i 

-*■ * iMg. 137 — Governing MocuaniRiii i/vCrobsley ihngiiu 

appit)ximately 150 lb. [Vir* ^ 

square inch, and the maximum prcssuit; about 300 lb. per sqijare inch. 


The inlet valve, together with the gas, valve and fjeating, ai'e 
all* moupted in a separate cage,* aud^ iinty easily be«\vith<lrawn 
for inspeetioi) or cleaning. The 'exjuiust ^■talvc is of (tast iron 
throughout. This involves the use ol a very heavy stem; hut- such 
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a .stem i.s iieces,sary, in any case, in an engine of this .size, in order 
to conduct the licat away from the centre of the valve. Cast iron 
with.stands tlic liigli temperature.s better than any other material, 
and is less liable to pitting or (;orrosion at the point where the 
ga.ses impinge upon the stem. The main objection to its u.se is, of 
course, its low tcn.sih' strength, but in a slow-running engine, such 
as thi.s, the inertia of the valve .stem is not a veiy serious matter; 
and thele can be. no objection to its use, provided that the ciim be 
designed to ])erniit of gradual* closing. muI that the valve .spring is 
. sutticien'tly strong to pi'cvcgit the vahe bom 
jumping.. I’he cihaust valve-seat ing is of hard 
cast iron*' prc-sscH into position, thu.s giA’ing 
better wearing* juoncrtics, and permitting of 
easy renewal. 'I’he mecrianical features of this 
engiile resemble those V>f the Euston'-Proctor, 
Tangye, .so clo.sely that it is not woith 
while to investigate tluan in detail'. 

The piston,* gudgeon -pin, exliau.st -valve 


450 



90 



• • ' 


stem, and the centrifugal oil-ring for t.lie crank-])in bearing arc all 
.suppli(‘d with oil under pre.ssure frOm small oil-])um))s driven by 
an eccentric from the .side-sb.ij^t.. ^fliese puni])s dclivei’ oil in A’cry 
small quanfities as rec|uii’(*d, and do not circulate tlie oil, as is 
usual in ei 3 clo.s^l high-.sjKaal (MigiiT<“.s^ The main- and side-.shaft 
bearings are ]u})ricated^by means of oil-rings Avhicb dip into a bath 
of oil below ^he bearings, in the u.sual.imwincr. «. 

Starring Is effected by means either »>1* c()mpre.s.sed air, supplied 
by a iSijiall air-compre.ssoi- and stored in a re(!civ(!r, or by pum])ing 
into the cylinder a charge of peirol or coal-gas, and igniting it .by 
tripping the m,‘igneto«by hand.' In either (;a.se the fly-wheel mu.st 
be* barred round to'the'correcx .sbirting po.sitiou. 



CHAPTER XXIII 


. VERTICAL GAS-ENGINES 

Tlio, engines jireviously dealt with ihay he reganli'd as typical of 
tlie liirger sizes of single-ae.ting liorizontal gas-engines, and, altlioiigli 
tJiere ai-e nuineroiis otlnn- niaWs of tlip same type of engine, the 
(lilleTences in design arc sd slight as to be hardly worth considering. 
In the design of engines of the vertical type, there is considerably 
more variety to be found. Yertijcal eitgines are almost alwajs 
intemh'd to be run at. higher rotative spiiisds, hence they all possivss 
certain ieatiires in common, such, for example, as forced lubrication, 
enclosed crankcases, and throftle governing. They are not, as a 
general rule, (juite .so ellicient as the horizontal type, pidbably 
because t-liey generally employ a. slioit stroke. * In England it is 
becoming common practice in large vertical I'ligines to use tandem 
single-acting cylinders, an arrangement which has many good points. 
For exam pie: — 

1. With two single-acting cylinders in tandem th('re is an 

impulse every revolution of the crank. ^ 

2 . The r(!<‘iproea.ting weight, jier cyliader, is reduced, hence, 
higher mechanical efficiency. 

The co.st is reduceil. for it is obviously much cheaper to add 
one cylinder, one above the other, t.han alongside, where it would 
recpiire a separate conncctinga'od and crank. 

4. The whole engine is vmy compact, especially when, i'or the 
sake of large power, a very large ’number of eylimU'is mii.st fie 
employed. ^ , 

f). By closing the botto!n end of the n]iper cylindeu. an aiir- 
bntrer can be formed which will counteract, or go far toiwards 
counteracting, the inertial or’the reciprocating ])arts,on the down- 
ward stroke, while the inertia on the njivvard .stroke is ciisljioiu'd by 
the compre.s.sioii in one or other of the I-wo cylimlers. • • • 

Witli the tandem arrangement,* the ininiiuum number of cranks 
which can be employed (to give any* semblftiAic* of balance) is two. 




Fig. W!t -Four-cjlinaer &10.H.P. 21i in. x 24 in. 2(X1-R.P M. Ratlibun-Jones Producer-gas Engine 
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und four craiiks arc necessary to obtain a good rotary balance. 
Consequently, such engines cannot be built with less than four 
cylinders, and generally have six, eight, or even twelve, the latter 
number providing ^r as much as 1500 B.H.P. without resorting to 
water-cooling of the pistons. 

The Rathbun Engine. — Of the ordinary type of vertical 
engine, that illustrated in figs. 139 and 140 may be taken as an 
average example of the beat class. This is an America)* engine, 
made by the Rathbun-Joneli Company, of f'olcdo, Ohio, who build 
a lai’ge number of*vertieal engines, ranging from 25 to 125 hoi’se- 
pow('i’ per cylinder. • • 

The Ilathbun engines are degigneef tq run on either p)-oduccr-gas 
oi’ natural gas. The latCfer is a very rich fuel, consisting almost 
entirely of methane and ethylene, and has a lower heating value of 
about l(f00 B.T.U.s pen cubic foot.. The engine illustrated* has four 
cylindcis, and develops 500 B.II.P. when running at a speed of 
200 ll.P.JVr. The bore is 21.’ in. and the stroke is 24 in., coirc.s- 
ponding to a piston speed of *800 ft. per minute. 

IJefcrriug to the sectional di’awing, it will be observed that no 
line)- is cm])loyed. This Is usual in vertical engines, in which tlu' 
c}'liudcrs are always /jast scpai’ately from the basc-chambci', aiid can 
tln^revore be I’cnewcd bodily almost as cheaply as a separate linei". 
'^I’Ik' e-ombastion-head is of slightly domed formation, and earrie.s 
both the inlet and exlnuist valves, w'hich ai’e mounted vertically. 
Separate detachable .scatiugs aj'c used foi’ both valves, so^that they 
<‘an be easily withdraw)) for inspection, oi’, Lt )ieee.s.'<a)y, for grind)i)g- 

h\g. 141 shows sections of the co)nbustio)i liead. fi())u whieli 
it W'ili be see)! that a)ujlle w'ater-cooliug is provideil a)'ound a)id 
between the valve seatings, a)id that the thickness of metal 
tlnoughout the head is very ))uiform. 

I’he valves are operated f)b)u ccee))tries moinited on the side- 
.shaft i)) the ba.se-cha)nbei-, through the )uediu)n of lo))g push-rods 
and rolling levers, as show)) i)i fig. 142. The exljauet^ valves a]'e 
hollow, very light, Ji)id waloa-cooled, the water bei)ig led to a)Kl 
from the valve spindles by mea)is of flexible tubes. By using 
wate)^eooli))g, a lighter vAlva ca)i be fltted, the nqise and wear 
and tear of the valve gciir is reduced to a )ni)ii)nu))), and a highy)- 
compression employed. C)) the other ^ hand, w'ater-cooliug*ol the 
exhaust yalves i))troduees a ))umbdr of n)eoha)iieal diftiowlties, a))d, 
in the e^oit of failure of the water cii’^ulatioyj 2 ))|e-ig))ition a))d dis- 
tortion are bou))d to oecu)'. 
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The pistons are very long, and arc* provided with five rings. 
The upper ring is of the ordinary spring type, but the remaining 
four are of a special construction, designed with a view to maintain 
(iontact always against the lower side of the slot, and so prevent oil 
from passing up the j)iston into the combustion chamber, where it 
would carbonize. Another very excellent and important feature 
about these pistons is that provision is made to allow of the free 
escape, throngli a port in the <‘ylinder walls, of any gas that may 

succeed in passing the 
l>iston-rings. F>y this 
means, not only is the 
, lubrication of the piston 
greatly improved, but any 
rislv of burnt gas(’s, often 
containing sulidiur or 




other coj'i'osive constituents, ])assi!ig .down to the enclosed ci'anlA 
eljand)er, is avoided. Tlu* (oj> of the ])iston ,is partitioned off. as 
in the IJuston-Pjoctor ciigiiK*, in order to uAoid carbonizatieyi of tlve 
oil on the hot under side of the piston-head. 'I’his is ytarticularly 
imjKiriant in an enclosed efigiwe, for any carbon so forn^ed is liable 
to fall back into the baseb-hand)er, and seriously ijjterfero vith the 
lubrication. , • ’ 

•The (jrankshaft is carried in wliAe-metal-jlined bcaringii, of which 
both the upp^r and lower halves eai^ be adiusted,. the latter li;y 
means of a Avedjre Avhich can be moA’cil sidewaA’s from outside* the 
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crankcase, by means of a long screwed bolt. This arrangement also 
permits of the complete removal of any bearings without disturbing 
the crankshaft. The studs holding the top halves of the bearings 
are carried up to the top of the base-chamber and materially assist 
ill stiffening it; at the same time they make it possible to fit very 
large inspection doors. The connecting-rod is of forged steel with 
a separate steel straj) 
encircling the big-end 
bearing, and ailjust- 
nient is ])rovided * for 
by means of a taperc^d 
collar, as in a locomotive 
connecting - rod. TJie 
bearings themselves are 
light, mg^lleable - iiori 
shells, lined with white 
metal. The small-end 
o]' gudgeon -pin bearing 
is adjusted by means 
of a wedge in the*samc 
manneu* as the main 
bearings. The bearing 
surfaces arc of phos- 
phor bronzes, and the 
gudgeon -^pius them- 
sclv(‘s are of mild steel,# 
case - hardened and 
ground. 

^ . f * 1 

A centriiugal gover- 
nor is provided, en- 
closed within the Ijase- 

, 11 - Fig. 142 - -Roller-lever Mechanism for Operating Valves on 

cliainher, ^ind driven RathbunCas -engine 

from the .^idc-sj^aft hy 

means «>£ bevel gearing. It 02)erater. uj)on a balanced disk valve 
consisting of two disk.^^ one admitting air and the other gas. These 
are so proportioned that the density of the mixture is sKghtly 
increaswJ, when running on light loads, to compensate for the larger 
dilutiwii with exhaust* jjroduct.s. 'I’ln*. governor also operates upon 
the timing of the ignition by s'lightly shifting the positipn of 'the 
cqmtact-makcr'on thd , high-tension magneto, so that, ignition takes 
placfc early in the stroke, as the load is reduced. This again com- 
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pensates for the slower burning of the mixture at light loads, due 
to the larger proportion of inert gases. The curve shown in fig. 143 
gives the fuel consumption of this engine in terms of B.T.U.s per 
brake horse-power. The full line curve is the average obtained 
from a large number of tests, and the dotted line the best indi- 
vidual test. 

The average brake thermal efficiency ranges from 18 ’2 per cent 

at one-third Joad to 26 per cent at two-thirds load, and 2f8‘4 per 

* • 



Fig 1J3, — Kflfcicncy Curve of Kathbun Gas-engine 

* » 

cent at full load. The best results are 19 per cent. 28’8 per cent, 
and 31 '7 p('r cent la'spectively." The fuel used, in each ease, was 
producer-gas liaving ji calorific value of about 140 B.T.U.s p(>r cubic! 
loot. Th('. brake' mean pressure when developing 500 at 200 

B.I’.jM. is only o7 lb. per squai'c'iuch. If the mechanical e^ciency 
be taken as 85 per cent, then the indicjated giean pressure becomes 
(■>7 lb.«i)er square inch. This'eoriiparatively low mean pressure is due 
probably, in part, to the sniall size of tlic valves, which this jbrm of 
c!ombustion-hcad necessitates, but mainly t<j the fact fjiati,- with’ 
a light uncooled piston of 21 in. dilimcfer, \t is unsafe tc^work at a 
higher average, pressure owing to the high temperatures involved. 
A higher pressure w-ould probably result in pro-ighition. and would 
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incur a grave risk of craekiug the pistou, owing to tlie wide range 
of temperature between the centre and outer edges. With such a 
low mean pressure as this, the mechanical efficiency could hardly be 
higher than 85 per cent, in which case, the. indicated thermal efficiency 
(luring the best test at full load will be 37‘2 jx'r cent, a remarkably 
high figure. Th(' eompri'ssion ratio is not stated, but it could not 
well be higher than (!‘4 : 1 for producer-gas, even though the exhaust 
valves are water-eo(d(‘d. For |:his cornpre.ssion ratio thd air standard 
effici('ncy i.s approximately 52‘8 f»er cent, and the relative efficiency 
7 1 '8 pel' cent, a splendid result. * 

Generally speaking, the TJiithbun ;j5ngine must be i-egarded.as one 
of the best of its type. • • 

Campbell Vertical EngineS. — In tig, 144 is shown a photo- 
grajilf, and in fig. 145 a .s^ictjonal elevation, of a four-c-ylind(?r vertical 
engine by. the Campbell Gas-engine Company, of Halifax, wdiich is 
tyjiical of the conventional de.sign of vertical gas-engine. The four 
cylinders ai-e each, east separately, and ino,unted on an enclosed cast- 
iron bas(vehamber. Tin* cylinder-heads arc separate, and are simply 
hat water-6ooled plates which can ivadily be removed without dis- 
turbing any other part. Thfe inlet and exhaust valves a/v fitted in 
a .sid(‘-])oeket which is east integral with the* cylinder body. 'I'he 
inlet valve is placed ov(‘r the exhaust valve, and operated by an 
overhead rocker and long push-rod. Tin’s form of valve geai’ is 
undoubtedly an excellent om* for vertical engines. It provides a 
pcjcket for the inlet valve, which is desiralde for light-load running, 
aiPil. at the same time; the area of surface exposed to fh(‘ gases at 
the time of combustion is not unduly large, since both valves are, 
fjtted in tlnj ,same jjocket. The. rc.moval of the valves for grinding 
or cleaning is a very simple matter, for the iidet valv(' has a 
se])arate detachable cag(i and seating through which the exhaust 
valve can be withdrawn. 

As is iKinal in ^■ertical gcT.s-engine.s, no sc^jairate liners are em- 
jilovcd; ai>T tlws is •justifiable on the grounds that each cylinch'r, 
tV>gcth(!r with its watci-ja(;ket, is a separate casting, which is com- 
parativelj'^ inexpensive' and easily renewable. The engine! speed is 
controlled by a governor, which acts oij a balanced piston valve 
(jontrolKng the admission of both aii' and gas. The arrangements 
of th(i lulcA. ajid exhaust piping are clearly shown in the photograjffi. 

The cftinkshaft, carflshaft, jmd connecting-rod bearing.^ arc all 
]ul»ricated under .pressure &om small oil-pumj)s, operated from 
eccentrics mounted on the crankshaft. The crankshaft is fitted with 
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lu'jiv^'coiuiterwoiglits, TlieJjt; JouTiterwoights, it must l;o iiudorstood, 
play 110 serious part iu balancing >lio engine, foi' in a tbur-5>ylindei-^ 
engine, su(;li as tins all pi'imai-y forty's iire balanced. Tlic cftilntei- 
wefgbts, .however, serve a u.sefiil ’purpose »in relieving*tlie main 
bearings from stresses due to the. eentr|fugal fpree^of the crank-pins, 
erank-webs, and ■eonneeting-rod big-end Ix'arings. 


Fig. 144. — 350Ji.H.P. Cainybell Gas-engini 



Fif. llvtationil iraiiijcmeat of Foiircj'lWet Vertical ^amplell Gas-cajiiic. Jid li in, toeter, tod M in, stroke 
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The leading dinKinsions of the largest type of foiir-cyliiider 
vertical engine are as follows: — 

Bore ... ... ... ... ... ... 22 in. 

Stroke ... ... ... ... 2(j in. 

Number of cyliiHlers ... ... ... .. 4. 

Piston area .. :]8() S(j. in. 

Swept volume |Hii cyb IK l»‘r ... ... ... rr72cu.fr. 

Compression lat if) ... ... o l;l. 

Maximum B.H.P. ... ... ... 57;'3 

K.P.M -... ... JSO. 

Rrake imvin pn‘ssiire at maxininm B.H.P. ■ (14 ^7 Ib. jier S(|nMre inch. 

Piston speed .. ^ ... 7S0 ft. jier minute. 

Diameter of inlet- valve ports ..\ ... / . . sin. 

Diamet(‘r oF exhaust- Naive jiorts • .... bin. 

Lift of inlet valv(‘ ... * ... - ... .. I n yi. 

Lift of exhaust vahci *... ... ... ... l-7.n in. 

Ettectivl" area of iiilet-pfirr opening- * ,‘{7 0 sfj. in. 

Ratio of piston arc‘a to inlet area * ... 101 ; 1. < 

Weio-ht of piston ... ... . ... 7(S.n Ih. 

Weight (^f reciproeat ing pj^rts ... ... ... 1 050 1 h. 

Weiglit of reei proeating ])ai*ts pel* sfjiiare inch 

of piston area ... ... ... ... 2'7(l Ih. 

Diameter of eraiik'-))in ... ... ... ^ ... 12 in. 

Widtli of*crank -pin bearing ... ... » ... 12 in. 

Pro/ij/cteJ area of erank-pin l)<‘ariiig ... ... 144 m( in. 

Altlwji^gli ('tipable <)l‘ a, iiiaxiimiin load of a7j tlic^ normal 

working load of the engine is only 480 15.1 1.P., eorjvsponding to a 
brake mean pressure of arlv lb. per sipiaii* iiudi, tlie limi^* probably 
being set by tlu^ jiistons, whieli iwv m*>t wat(M-eool(Ml. The following 
figures artj siipjdied b>' tlit" makm-s as the aveiage t(‘sr results 


1 . . . . *• 
)btained fVom this engiiu^: 
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The meelianieal idliideiK'y is-eslimaled by the lrtakei^5 as 80 per 
i^eiit, Avliidi will biing the imfieati‘d thermal etlieimu'y iij) t(t- 



1.11.1*. 

* 0 Mi-cliaiiii-al 

^ Kttii wnev. 


1 lulu 

•at<‘4 TluTiiial 
l4liclL‘lU'\ . 

480 

(iOO 

SO cent 



2 per ccyl. 

;U)(j 

ISO 

75 


20- 

1 ” • ' 

240 

• 

.hio 

()<; a „ • 

• 

20 

• > * 

.) ,, 


Westinghpuse and Nationab'Engin^s. Hotli the British 



354 


THE INTERNAL-COMBUSTION ENGINE 



AV<‘.->tingliou!se niul tlio Xatioji.-il (Jas-eiigiuo CVaiipui}’ build tandoiii 
•swigli’-acting jii sizes up to !»(>() Li.11.1*., as sliowji in lig. 14G. 

fids lias twelv(‘ cylinders, eaoli of a})out 22 in. horc. by 24 in. stroke, 
and (levcdops a. Jiiaxiinuin power of IGaO I>. ll.P. wlicMi running at 
its normal spl*ed of 200 li.P.M.^ Tlies(‘. 'engines, of wliicli a con- 
siderable number have now be<‘n built, re})r(‘S(‘nt tlM‘ largest units 
eonstriK'.teil without rosortiifg t(K water-cooling of the jastons. By 
employing the* pindeiv an-angentont of the e}dindm-s, c‘ach line gives 
om‘ working strok(eptM•^■evolut^lon, and th(‘. inertia of the rcuaprot mating 
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piii’ts is cusbio'ued by tbe compw'.ssioii ib one or other of tbe two 
tandem c-yliiiders. Tbe lower piston in each case is of tbe ordinary 
trunk type, and takes tbe tbrust from tbe conneeting-rod in tbe 
usual maimer, but tbe upper pistons are eonsiderably sborter and, 
of course, re(;eive no tbrust. Tlic two sets of pistons are eoiinected 
together by means of a short piston-rod consisting of a steel bolt to 
take the tension, surrounded by a cast-iron sleeve to take tbe c-om- 
ju'cssion strt'.sses. * 

Betiveen tbe upper and leAver eylinllers a large water-cooled plug 
is inseited. tbrougb which tbe piston lod passes. No glands oi- 
packing arc employed, but tlm j)islon-’<od itself is provided with a 
number of ])iston- rings, wind/ prevent Jeakage. With this con- 
struction, tbe water-cooled* pliw must necessarily be of greater 
length than tlu! stroke of tbe engine. Tbe plug projects w(“,li up 
into tli(' under side of tbt* ujtpcr juston, le’a\'ing only a conigajra lively 
small clearance sjiace in wliich air is compressed during the down- 
ward stroke', and the inertia forces cushioned thereby. 15y this 
means tlic^ inertia forci!s a’re ciifthioned by air compi'cssion both on 
tin- u]tward and downward strokes, a condition that slwmld make 
both for high nicchanical etticienev and sweetness of running. In 
ovdor to ullow of the plug or (IL'^tunce-piece Ketweoii tlie 

cyliiidt^rs, tli(‘ l)or(i of tliu u])p('r cylinder is jiuide sligljtly larger, 
J(*aviiig fi conical seating l>etAV(‘eii the two, n])oii which tlic fdng 
r('>ts. and^igainst wliich it is held down from outside hy a niinilKU’ 
of diauonal s(»,t screws, ('leaiiv shown in the illustration. By 
slai'king hack tl^esc set s(*rews, and removing the top eover, hlHh 
pistons, together with the jhston-rod ami distance-piece, can he 
ANithdrawn through the. t(3[) of the eyliiider. 

Pavlie.ular (*.are has hemi taken in llu' design of tl'n! pipe-work^, 
espeidally the inlet l>i[>iiig, in order to eliminate as far as jiossihle 
the evil effects of pulsations. The inlet and exhaust A^alv(is in eaidi 
cylindei- are arraiig(‘d and ojicrated airiin tin' Camjjboll engine, hiiC 
the exhaust A’alvcs are of cast iron throughoiit and aye uncooled. 
In large engines such as tJiiA, with enclosed (‘I’ank-chamhers^ 
it is necessaiy to tak(' very careful pi’ccautiorys with th(' ventilation 
of ill© crankcase, foi‘ th(*r(‘' is«ti serious risk of the lulAicating oil 
hecoming vaporized and ignited lyv the high temperature ^oi the 
lower pistons, and several serious accuhmts Ijave oceiuTeil i^. eases' 
where thjs has heeii neglected. These engijnvs are inteiitled to use 
poor gas, suel^ as blast -furnace or producer g7\s, huh they are also 
occasionally run on coke-oven gas. In this easej means are provided 
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for iidinittiiig fi certniii iVroportioii of cooled iuerf exhcaust guses 
along with the air, in oi’der to dilute the mixture and counteract the 
tendency to pre-ignition, due to the liigh percentage' of hydrogen 
(‘ontained in this gas. Unfortunately, no particulars are available 
as to the actual performance of those engines; but the author i» 
informed, on excellent authority, that the mechanical efficiency 
exceeds 90 per cent, which is a truly excellent result, though 
by no means surpiising in view of tin; general design of the engine. 
Engines of this type have be^bny, deservedly, very popular during 
the last few years<, and have proved tliemselvgs formidable com- 
[letitors to the large, slow-running, , double-acting engines, which 
represent the accejited tyjie bn the I'ontinent for all large powej's. 



CHAPTER XXIV 

LARGE GAS-ENGINES 


In ciises wliei’e very powers .lire reijiiired, tlie use of nn- 
eooled pistons becomes impi'a^ticjiblv, for it is impossible, under 
normal conditions, to oldAin wore than aliout 150 B.FI.P. from a 
single uueooled piston, owing to the great difference of temperature 
liclvveeil the centre avd the circiimfef elicit of the head.. If any 
attempt is made to obtain higher powers from an uncooled piston, in 
any engine of normal design, the central jiortion of the piston is 
liable to* reach so high’ a tt^nperature as lo set U]» premature 
ignition, .llso, tin* coiisiderahle expansion of the centrid part' intro- 
duces stres,>es in the material, of such magnitude that the pistou*is 
liable to fail from tpinjicrature alone, without the application 
of aAy pressure. If it be aceepted that 150 B.H.P. is, at the 
jiresent time, the absolute limit of power obtainable from one 
(5ylinder,*thcn it is clear that any inc.rease of power can only be 
obtained by increasing the number of cylinders; and .several firms, 
('specially in this country, are building engines with as man^^ as 
twelve evlinders, simply in order to retain the use of uncooled 
pistons. This multijdicirtiou (tf cylinders cannot be continued inde- 
finitely, for, beyond a certain point, it intnxlimes giVat diHictilth's 
with reg.ard to the rigidity of the (*rank.shaft and crank-chamlx'r, 
and also with the e(jual distribution of gas to all the (ylinders. 

IVat('r-cooling of the pistons is Uy no moans an easw matter, lior 
the wat('r mast be circulated at high pre.ssure.^and must be admitted 
and withdrawn through telefj,eobic or rocking joints, all of which ijre 
liable to h'uk and give trouble. If the pQwer n'quired is so great 
thafr Avater-cooliug of the pist(*us must be rc'sorted to, th«»n it is genej-- 
ally agreed that it is advisable Vi employ the donbh'-acting prin- 
ciple, in order that the same weight of pi.'jton may re(^i'iv/;,doulj1e 
the nuq;iber f>f impulses, and .so rtMuce*the^ ratio betwei^i the inertia 
and fluid prgpsure. By the emjdoj’inent of (iouble-jicting cylinders, 
better use is inad(' of tin* material, and the f'ost and siz(* of. such 
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parts as tlio bcMlijlato, ciaiikshaft, aixl (*,oniiet*tii]g-rod' are relatively 
very niucli lediu^cMl, sinee tliey ac3tua]ly remaiu practically the same 
whether single- or donble a(‘ting cylinders are used. There is, of 
course*, a coiisi(leral)le inci'case in the amount of mai'-hine work and 
fitting, but this, in a. large engine, is more than compensated for by 
the rcMluction in the weight of material. 

The whohi (juestion of single- versus doubl(*-acting engines really 
resolvesntself into one of cost of prodiu'tion. So long as a plain 
uncooled piston can be useet*, singh'-acting prin(*iple is the 

ch(‘aper; Imt so suon as it beiannes necessary to water-cool the 
pistons, then it generally becaunes /lesiral>l(‘ to use the double- 
acting prin(‘i])]e. In’ very Targe engines, of from 1500 ft.ll.P. 
and upwanis. tlunv is little doubt that the double-a('ting principle 
is the^ cheaj)er : bin lor ])owers of from 300* to 1500 H.ll.P. it is 
still o|)en to <pie.'>tion \\-ij(**rh(*r it is not ’.jiin])ler and ch'eajuu- to 
i‘m])loy a uunil)er of singh‘-a('ting cylinders with uncool(‘d jiistons. 
Alucli, of course, di^j^ends upon the purpost* foj* wliich ‘the engine 
is ii*(juire(l, and the tools, ke.. at tlx* man'ufacturer s (lis])0sal. For 
such [)urposes as driving <‘lectric gen(*rators, it is probaldc* that the 
advanlagi* li(‘s with llu* multi-cylimler single-acting engine, because 
such an (‘iigiin* (‘an run at*a higher roialivi* sp(*(*d, and so reduce 
the (‘ost of the giUH'ialor. For this purposi*, singl(‘-acting engines, 
in jiowers up to 1 5(M) P. II.P.. with (cylinders up to about 2l2-in. 
boi’c, an* fr(*(ju(uitly cni])loye(l. For driving blowdng tubs for 
blast-furnai'e*'. the double-acting engiiK* lias a, gn‘at advantagi*, 
on nc'C'diint of its Jcevc]- speed, and tin* use of a p]st on-rod which 
caji easil\' be ext(‘nded to cai'iy tlu* 1 m'oW(‘ 1 ’ piston. 

Th(* us(* of lai'gt* gas-engin(*s, of 1 500 liors(‘-pow’er and upwaids, 
is*])racticallvM'(*stricted lo iron- and steel-works, and collii‘ries, where 
Avast(‘ gas(*s are obtainabh*. In a few ('ases, large* ])roduc(*r plants 
have been laid down: but a}>])arently tlM*y d(» not compare favour- 
able wdth steam jilantN, when the (*apital (‘ost and maintenance* over 
a long perie»d are tak(*n into e*.onsideration. Unlike the steam- 
engine, the gas-engine do(*s not lieco'jne^ ap|)jeciably moi’e economical 
as the size is increasiMl.^ ( ’(uiseejuently, although in small powers it 
is fai- more* e(‘ononiical tlian the ste.*aiv-(‘ngioe, in very large powers 
it does not retain thi< advantage ,to anything like* the same e*xtent. 

• CQntinental Designs.- The large Contin(*ntal fe»ur-cycle 
deiiible-actiijg engines all follow the same general design, wdii(*h has 
now beicome pr/K'tically standareb'zed. Suedi vaiiations as th(*re arc 
are* icstih'ted to si/iatl Metails/ sitcli as the 02 )e‘Tation of the valves, 
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ultlioiigli the tuitufil construction of the cylinder body is fi point on 
which then* is still ii considerable difference (jf opinion. These hu ge* 
engines arc almost invariably built in the tandi-in form, for the 
obvious ri'ason that this form gives one impulse at every stroke. 
If only a single cylinder were employed, there would be two impulses, 
f(tll(»w(^d by two idle strokes, a condition which would necessitate the 
use of an enormous fly-wheel to olitain aiiv reasou.'ll>le decn'c of 
ivGularity. addition of a sei'ond cyliiaK*!-, in tandom Avith tlie 

first, dors not involve, aii}* apprrcajfble increase in tlie s(‘antling.s 
of tli(‘ l)i‘dplate, i*r;pd\sljaft, or eo n n ec ting- rod ; liein-e, the j)o\ver can 
Ik; doul)l(Kl with an increase <»f prohaljly only about hO per (;ent in 
the (‘ost. to sav' notliinu ot* th\‘ rnore*r(*i>ular’ tuiniiiu inoiniuit, and 
tlu* higher TniK'hani(*.al (‘ttcienvy \vhi(*h the addilioji of a second 
cylinder affords. 

1ji the vei-y larg(‘ (*ygiiies it is iisual’to (*ni|)loy two tandem si^ts, 
eoiipl(Kl togelh(‘r with tin' lly-wla^el and ehM-irie gemuatoi* (if any) 
l)(‘tw(K‘n tlie two, following tlu* usual design of a ern.'ss-ecnn[K.mnd 
steain-ejjhiiu*. Siiua* tlu‘M(*.sigfl of all tlu‘s(‘ lai ge (‘iigines is so inueli 
aliki*, it is ])ro[)oM*d t,o take* one (*xaint)le and examine it iif some 
detail, ratlu*]' I lain d(‘Vole mu(*li spa<*<‘ Jo (h‘sci iptions oTtlu* prodiu^ts 
of a numbei* of differ(‘nt njanufaetiiri^’s. Tlu* <l(‘sigji a])p(*ais to 
ha ve -*'b(‘en origi]iati*d hy tlu* l)eiitz (N)m])a]iy, of Cologm*, who, 
alter building a ('onsiih'rabk* number of large doid)le-acting engines. 
resort(*d •to the sinallei* siiigle-a(*ting tyjx*, for tlu* manufaeture of 
whii'h tlu‘ir [ilaiit is v(*ry mueli ]K*tter e(juip[)(‘d. 

Oju* of the^tirst ('ompani(*s to realizi* the eommeicial f)o.ssibiLities 
of tlu; Deutz doubh*-a(*ting engiiu; was tlje firjii ot Erliardt S(‘hmer, 
(>f Saarbrueken, (Jermair#, who started on the manuta(*ture of tliis 
typi* in and u]) to April, lOTJ, bad turiu*d out«no less tlmn 

1 I (» (‘iigines of an aggregati* horse-pow'(*r 1 (is, ()()() H.H.P. Ale.ssrs. 
Krliai*<lt & Sehiiier started on t’he liiu*s of the l)eulz (Aanjiany; but, 
with the li(*l]) of their very capable (*pgineer, Il(‘rr Drave, tlu'V have 
sue(‘e(*ded in both im})roving upon ami siinplifying' tlu* original 
design to siu*h a degi'ee that^thc latest ty[)e ot Krhar(ft & Selmu*r 
gas-(*nginc is pi'obably the sini])lest and best of any that hav(*. lM*en 
huilk • • • • 

A 2200-B.H.P. Engine. — lyi fig. 147 is sliowi/a twiMw limler 
tand(*ni Krhardt & S(*bmer gas-engine, of 2^00 B.Il.P.,^rinjning (m 
bltist-furjiace gas at a Kreiu'h iron • and*stt‘cbw’orks. ^ 

Ijj veiy b-u'ge gas-engin(*s, sncli.!ts are jjo\¥ undej' di.s(*nssion, the 
main source of- trouble is that clue* to ujjfrj^ial exj>an.sion oj fhe 
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viirious parts when subjected to the very Jiigb temperatures of the 
woikino fluid. This troubles is, naturally, gi*eatcst in the cylinders, 
which, ill the first ])laec, must lie secured in such a manner tliat 



they an; free *to (‘xpand in any direction.* Tlui groat thi<*kness of 
nV^tal ?jec(*ssarv to witljstand the idgh ])r(‘ssur(‘s wliicili occair under 
normal ruiv»,ing (*onditivn^, and'Tlic evmi liiginM' pn‘ssurus which 
may la* .set uj) in llie Vvent oj* s< ven*. ])r(*-ignition, Jesuits in a very 
ijonsiderabli* diH’ei(*nce t>f (‘X])ansinji bi*t\vecn the inner and outer 
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surfaces of the cylinder walls, with tlie result that, althougli the 
outer surfaces are in tension, 
the inn(U‘ surface may, owiu" 
to its greater expansion, be 
in eompression. It is obvious 
that, after a certain limiting 
point is reached, any further 
incrcnise in ‘the thickness of 
the walls will add nothing to 
their structural stnEuigth, be- 
cause its value will be counter- ' 

«('!(*(] by tlio scvoiT. 
sticbsses s(‘t up by the unciqihil 
oxjKUisioii. It is tins (]uo^stioii 
of llie uiJCMjiui] t^vpaiisioii of 
thcM'ylindcM- Wiills wliicli i-eally 
limits tliO size of (*}]inders 
wliieli iiwiy lx* safely (‘in- 
ploy(‘(l, for it limits th(‘ tliiek* 
ness of ti\i‘ A\alls and, thei*i‘- 
forr, the <liametej'„ of the 
cyliml^'Ts. 

In ]ai‘i»e (moiiu^s, the dif- 
fert‘ii(M* l)(T\v('(‘n tla' expansion 
of th(' ('ylinder liarrel a,nd 
the waliM’-jaekei is of (jnili* 
a laru*<‘ or<ler, and eare must 
1)(‘ tak'en to (‘nsiir(‘ that *110 

cxiia stress(.*s an* throAvn upon the eyliiidci- ■|)r()poi- liy the iackot. 
It is in this dii'edion that llu* 

AHrws of Aarions mannfai'tniHTS 
difh'j* (‘onsideiahly. In the 
Eiliai'dt & Sidimer eno’im' thi‘ 

}m)hh‘m has bi^eii d<\‘dt with "^1 
a most eajjalile maniuT. 1'lie 
cylinder propm’, whirh also eoi^- 
tains th(‘ Aalvi* ]) 0 (*kets, is con- 
striu'ted in two halves, holti^d 
toit^dliei*^ round the centre, as 

shown in 148 and 149. • , 

Each half includes a portion of the Avati*r-ja(T>:et ; hut the central 



Fig. 14S. — C'}]u)«li’r Willi ,1jickc‘t Cnsing ri'HiovfMl 
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l)aj t is left op(‘ii, so that 
it is free to exjjarid in 
any dircetion, and after- 
wards elosed l)y a light 
st(H‘l jaclvet, also made 
in two haha*s, and kept 
Avatertight by means of 
rubber lijigs. 1'lie eylin- 
der liner is of hard east 
iron.» and is provided 
with a small eentryl pro- 
jeeting flange, c'lam])ed 
Ik ‘ tween tlie two halves 

I) 

„ol‘ lli(‘ eylindtT, so that 
it is lu‘ld at the cent re 
and is free to expand in 
(‘itliei* direction. Tlie 
w li()lr‘ eonstrin-tinn is 
both simple and in- 
g(*nioiis, and pi'rmits of 
tlu!ifrei‘ expansion of the 
liner ami (‘ylimh*r* body, 
(beat e-are is takcm to 
cmsure that the thiekness 
ol’ metal throiighont the 
whole wf the e.ylinder 
shall ])e uniform, and 
that th(‘](* shall be no 
sliaip <'ornei-s oi- alnupt 
ehaiiges of seeticm, fi-om 
Avhieh cracks mighteasily 
start. The cylinder end- 
covers arc* jn(*rely ]dain 
watei’-iaek(*ted plugs, of 
the simplest possible 
form, and call fdr no 
s])eeial comment. 

General Design. 
— Th(*- general desigii of 
this engiiK* is well illus- 
tratc^d in the sectional 
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elevation (fig. 150), which represents a two-cylinder tandem engine 
developing 2600 R.H.P. at a normal speed of 90 R.l’.lM. The 
engijie is huilt np of five different sections, bolted together in a row, 
so that they are all free to <^xi)and longitudhially. The main frame, 
which is shown in fig. 151, forms the first section. To this is bolted 
No. 1 cylimh'r, followed by a distance-piece, then No. 2 cylinder, 
and (finally) the r(!ar cross-head guide. The piston-rofl is drilled 
for the: passage of the cooling-water to and from the pistons, and 
is carried on three slipjiers* one <>f 'which forms tin* main cioss- 
head. The pistons,Thonis(‘]ves are coin) Tara tively shdrt, as in steam- 
engine practice, and do not bear upon the walls of the liner, but 



Fig:. ]r»l. -Frfinie witli (^ninsLuft 


aiv supported eptii'(‘ly liy the pislon-rod, wliiL-li is of suiilii'icift.ly 
Jfirgr (liainetiu' to (Uisiin* a^uiiist sa.|L\‘yini>. 

Tli(' valvos av(^ airaiimid in jKK'kets, tlie ink*t valves ahovo and 
tlie exhaust valv(*s Ik'Iow, and all ai*e operatcMl fi'om jVsini^It' sid(*- 
shaf't, as in the usual hoiizfuital -en;uiije praetice. The cj'Iijider 
coAej-s are j)la.in wat(‘r-fooled disks or pluiL>s, \Alii('li (‘an Ik‘ rcunovial 
without disturlhnu any other part of the cuiiL'ine. ^ • 

The main franu' is somewhat similar, in geiieraj dosigm.to t he fiames 
used in oj’dinary single-acting ]ioVizonl a I engines, excejit Iha^ it doe*> 
not include tlu' cylinder-jacket. The main Ijearings aiv lined wiih 
white«metal, and are lul)ricate<lfifnder pressure. I'hi' heating-sliell is 
made in lour sijetions, as i? usual in^large steam-tmgine prat'tjce, the. 
verti(‘.al section being adjusted by means of we(]ges. Th(‘ fij si »section* 
of t*h(' side-shaft is (‘arried in bearing^ mounti‘‘j on tbe side^f the main 
fram(% and provided vvitb ring lubrication. It is driven ^Iioin the crank- 
shaft by means o-f spiral gearing. The^secornf Aa'tion. wliic'b carries 
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the vulve-operating cams, is similarly mounted alongside the cylinders, 
and on a level with the centre line. It is driven from the first sec- 
tion by means of S 2 )nr gearing. The distance-jnec'-e l)etwcen the two 
cylinders, a 2 )lain cylindrical barrel, machined and spigoted to 
the two cylinders, is shown in fig. 1 52. The upjier part is cut 

away, to 2 )ermit of inspection 
of the i)iston-rod, stuffing- 
glands, aTul slijjpi}!’, and i*ein- 
lorc(‘d by steel connecting- 
stays. The lower 2)art of the 
• distan(*e-])i(M*.e is ina('hin(‘d con- 
(*(‘ntri(*. with the rod, to form 
;; ‘slide for th(' piston - rod 
slqiper. At tlu'. after-(‘nd of 
tlie sttc'ond ('vlinde]* fhejv is a 
somewhat similai’ ]n(‘c(% which 
also contains a slide for the. 
tail-rod slipixM*. 

The crankshaft itself calls for no [)arti(‘ular coninaMit. It is 
naturally of vcmt niassi\e ruction, and is ])i'ovid(‘d with heavy 
balaiK'c-WTUghts. In this particular (*ngine th/^ shaft is fbrg(‘d solid, 



Fig. 1 r)2. — 1 )istam:(‘-i»i<‘C« 


and (*ast-iron balance - weights attaehed. but the prac'tice of using 
built-up crankshafts is steadily gaining ground. T1 h‘ conne(*ting- 
rod i.s a stc(d foigiug, foigerl in one ]»i(*ee with tla* )>ig-(*1al bearing, 

w’ 1 1 1 ( • 1 1 i s a ft t ‘ T*\\'a rds s p 1 i t 
and liiHMl w'ith wltite 
Jii(‘tal. Tin* small cuid 
of tlK‘ connccting-rod is 
fbrk(Ml,a]id carri(\sa. bar- 
den cd st<‘cl ci*ossdicad 
]mi which is rigidly 
attached to the connect- 
ing-rod, and mounted 
Fig. i.Vj. — I’ lstoii wifii Lo ini Nut ni bi'aniigs (‘ari'ied 

. thr cross- head. 

The ])iAtons are of castiroii, ca.stdn'one pi(‘<-e, a,nd iiiaehiricd all 
ov(*r e^'tcrnally. They ani borwd out to* a. good sliding fit on the 
2 )i.ston'»ror], and are h/dd in place bet\v(‘en a coniral (*ollai* and a 
('(jiiical 111 *^', screwed qu to tlu! 2 )istoii-rod, as showui in, ^ fig. 153. 
4 very libei-al (deai’linct* is, allowed hetween the piston and liner, 
so that there shall la* no ac.tunl contact. The |)iston-nngs arc of the 
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ordinary Ramfebottoui typo, and liave ho unusual features. The 
piston body is, of course, water-cooled, the water entering and leav- 
ing through the piston-rods. Although Messrs. Erhardt & Selimer 
adhere to cast iron for the pistons, many other makers prefer cast 
steel; and, in some 
instances, forged 
juild-steel pistons arc 

employed. , As re- , 

gards unequal expan- 

is jHllllllllllllB 

same 

conditions as the 

cylinder, but it is of , * 

a v(“rv much more ‘ 

s\^]nin(4.pi('nl form, 

<llj(l, 11101 CO\ ei, till j/jg 154 .— Piston-rod Coupling with Cover lifted and Pods se]»aratod 

i-tite of li(^ttt-llow is 


l(*ss iiiteiifst* than in parts of the. cyJintlci- IxkIv, so tliat the prohloiii 
is by no means so difficult a one. The piston-rod is made iri two 
sections, and is of hi<;h tensile st(‘el, maehiiied and ground all over. 
It is of \(ivy liberal dimensions, to (uisaii-e against sagging and to 
resist jitlie sc‘vere revorsaTs of stress. 

The method for coupling th(‘ various si‘ctioiis of tlic pistf>ia-rocl 


is shown ‘‘ki detail in 
figs. 154 and 155. 
The ends of the rods 
are sc'iewtxl and y>ro- 
vided with nuts, each 
of which has a ('un- 
eentrh* groove turned 
in it. Th(‘ slippt'r, or 
cross-head, is fitted 
with a detaehal)l(‘ 
('a]), provided with in- 
ternal Hangcs wliiidi 
tit into these' grooves. 



The nuts are first serewi'd on to tlie eiuls of the piMon-rods and 
tlu' cap bolted in place. Tlu'V an* then tightened ny) until ’4he t\vo 
fa(i(*d ends of the rod butt firmly teogethf'r. Thir^ )oth the (‘ompres- 
sion and tin', tension pressures are take'ii oi/aivj)le surfaces, and the 
whole joint is one that (‘an be quiebly '•iind ea.^ily dismantled. ^ 
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Water-cooling Arrangements. — For the cooling of the 
pistons, water is feil luidor pressure to tlie middle of the piston-rod, 
close to the central slipjK'r, by means of walking beams, which 
consist of a number of links forming a kind of j)arallel motion. At 
first sight it would aj^pear that a linkage arrangement such as 
this, iin'olving a eonsiderabh' jiumber of oscillating joints, each of 
which must be packed, would involve a great deal of h-akage. In 
jmictice*’however, very little trouble is experienced, and this system 
has been found to give much 11'elU.u' restilts than the jdain telescopic 
pipes, owing tfl tl«? high tubbing velocity thiiough the stuffing- 
glands ill the latter case. . 

Piston-rod Stuffing- gland§.' The stuffing-glands consist 
simjily of a large numlu'r of ordinaiw' catti-iron rings which contract 
on to.tlie rod; but at the extreme outside of each gland a pair of 
white-mutaj packing riugft is fitted, in very .much tin' same' manner 
as in steam-engine jnactiee. For the sake of convenience, the cast- 
iron rings arc foiincd into thri'e or lour si'jiarate groups, each of 
which is mounted in a separate sjili'i housing. The grooves in the 
housing are. of sufficient depth to allow of movmnent of the rings 
dfie to the saggino- of the TVston-rod. This form of gland, which 
is used by practically all mtikers of doubh'-actipg engines, is sim 2 )le 
and satisfactory. As a general rule, these glands jimiain tight for 
fairly long jieriods, jirovided that the gas is reasonably clean. It 
is interesting to insoect the glands of a balterv of blowiflg-engines 
after, say, three weiiks’ continuous blowing. Undei- these sevc're 
coiplitioiis, the author has generally noted that abput aO per cent. 
giv(> no iudii-ation of leakage, another 40 j^er cent will be blowing 
peice]itibly but not seriously, while from*' .5 to 10 jier cent will Ixi 
leaking to sticli an extent that the leakage is audible from sonu' 
considerable distance, although, exjiressed in tiMins of jiercenlage 
of the cylinder volume, it probably' does not amount to anything 
sfi'ious. (.)n the whole, it nriv fixirly b(' said that although the 
piston-rod stuffing-gj,ands demand very aciairate work, and are 
somewhat complicated and exiiensiyc,^ the)' cannot be ri^garded as 
a s(‘rious source of tro,uble. Other maki'i's of largi* double-acting 
engines employ very much the .saiuc fbrm of stuffing-gland; and 
such vayiatious as there ai'i' aflv.c.t only the small details of con- 
.s'truetkm, ipid tin* houfjing of the rings, but not the general design. 

ValveSr-: — The inlet yalves usl*d in this engine are of theprdinary 
conventional design, and carry a-seiJarate gas valve in.ounted on the 
same sjiindle, as is uf^ual in liori'zontal engines. They are operated 
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direct from a cam on the side-shaft, through the medium of a short 
rociking lever; hut, unlike most large, gas-engines, rolling levers 
are not emj)loyed. Messrs. Erhardt & Sehmei' explain that they 
prefer the direct operation from a cam rather than any s\stem 
of rolling levers and eccentrics, hecanse the latter depend ui)on 
vi'iy accurate adjustments, Avhieh are lialdi' to be upset owing to 
slight altei’ations between the relative jjo.sitiou of “the cvlinders 



Fit;, inr).-- SrutioJi uf ( 'yliii<ler ;iiul Vahfs Fi”. IT*/.-- Kxluiust N'alvt 


T]ie cxliaiisl valvos, iir.so lari»v an ojmine as this, arc not 

watcr-coolcil, lait very great rare is lak^ni to ensure lliorongli cooling,*' 
l>otli of the exliaust valve-seating and guid(^ in order to alistracl 
heat from the head and stem as ivijadly as possil)le. ^Froni the cross-^ 
section (hg. 150) it vill ])e seen that a small duct is coied round the 
valve-j^eating, just l)(‘lo\v the iu;tttal working face, and tliiit water is 
led u}) to this duct by means of a small intmnal j)ipe. 'The exhaust 
valve-seating and cage is an entirely se[)arate pie(*e, whicli can^ C^i-^ily 
be withdrawn for inspection or clea-ningV and has its own inde})en- 
dent system of water circulation. Tin* exhaust waive ifself is sliovvn 
in (ig. 157. The stem is of steel, and* the lic^ad of hard cast itoii^, 
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screwed and riveted to tht*. stein. It is ojicvated from the same cam, 
and in precisely the same, manner, as tlie inlet valve. 

Governing.- The engine is controlled by throttling both the 
gas and air. Si'parate gas and air inlet pijics are led to each valve, 




and (*aeh individual pipe is fitted with a butterfly throttle valve, all 
of which are connected together and controlled by the governor, as 
shown in fig. 158. The i dative po.sitions of the butterfly vajves 
are so adjusted thatt the first iiiovement of the governor cuts down 
tfie gas surnilv. but* does ndi, appreciably affect the air snjiply, and 
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this is continued until the mixture is at the lowest limit that will 
ensure regular and reasonably complete combustion. After this 
point has been reached, the further movement of the governor cuts 
down the supply of both gas and air in more or less equal pro- 
portion. This system of governing is at once simple and efficient, 
for it provides qualitative governing between, the limits in which 
sucih governing is possible, in an engine in which theretis no stratifi- 
cation, and thereafter the governing is quantitative. Each butterfly 
valve is capable of independent hand adjustment, so that the 
mixture can be adjusted for eacli (-.ombustion chapiber. ■Such adjust- 
ment is always necessary, on account of the disturbing effect of 
pulsattons in the inlet and exhaust pip^s. Thfese effects do not A^ary 
iji a “eonstaiit-specKl” engitic?, and when once the correct adjustment 
of all the throttle A'alv<'s has been found, it w'ill'nmiain correc-t so 
long as ithe speed of the engine is not altered, and so long as the 
heating value and composition of the gas remain uniforth. 

Ig^nition. — For ignition, the Lodge high - tension system is 
employed. This consists of an .ordinary high-tension treinbler-coil, 
Avorking in conjunction with a conden.sei-, and gives a A'cr^'^ hot spark. 
Each combustion chamber is fitted with two igniters, connected ^n 
series, in order to ignite the gas simultcneously at two jmints. No 
attempt is made to place the igniter in the inhd-valvc pocket, prob- 
ably becau.se it is considered unsafi! to ])i(“i-ce the cylinder Avail at 
this point, whe.re the internal stresses are neccssiirily vtay scA'cre. 
There can be little doubt. lunAever, that if the igniter were placed 
in the inlet-valve yaicket, (pialitafiAa* governing could 4)e, carried 
c.on.siderably further, and th(“ e.tiicieiicy f)f the (‘iigiia' (on imaliTun 
and light loads) substantially improvt'd. 

Efficiency. — NotAvithstanding tlie Aery larg% number of 
double acting engines wliieli are jjow in service', there are ])iaetically 
no i('lial)l(' reeorels of fuel eonsumj>tiun aA’ailable. This is large'ly to 
be accounted for by the very great ditfieiilty in measuring large (piay- 
tities of gas at a low pre.ssure', and when subjected to violent 
pulsations. From a thermo-dynamic poijit of aIcaa * •tlic.se large 
engines arc probably not very etfieient, because the shajH? of the 
e.otnbpstion ehambei" is far lroiu»la\'onrable, and the are^i of exposed 
surface is veiy large, while the large valve, poekets*are .so placed 
as to interfere with the free cireiilation of tlie gases durttig eoni- 
bu,stion, and delay the proj:)a.gation„of the flafiie. Messrs.* Frliardt & 
Schmer "guarantee that the fuel consumption shidl not exceed 
8000 B.T.U..S jK'r T.Il.P. hour oi> a.iy gas that the engines are 
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designed to utilize. This is not a very higli figure, and corre- 
sponds to an indic'ated tlierninl efficiency of only 32 per cent. 

The only authentic test, (‘arried out on a doul)le-acting four- 
cycle engiiu‘, that the author has been al)le to tiace, is one made 
on a small tandem Erhardt & Sehiner engine l)y Professor IVIathot, 
in !!)()(), and alieady referred to in this volume. This engine had 
two eylindei's, each of 24 ‘4 -in. l)or(‘ by 29*52 -in. stroke, and 
dev(‘ln]^Hl ()00 IblLP. wlien runnijig at a s])eed of, 150 E..1\M., 
with a consumption of 17*8vu.^ft. ])rr horse-power Ijour of eoke- 
ov<ui gas liaviog u calorific A^alue of 4()0 B.T^U.s ]H'r cubic foot. 
This corresponds to a brake fliennal efficiency of 31 [xu- (‘cnt, which 
is certairdy an excellent resiAt. Tlxi me(dianical t‘ffici(*ncy is gi\'(m 
as only 83 per cent, Avhich seems iijiudi -too low a figure for such an 
engine, in which the piston fri(*tion is to a minimum both 

bv the use of an externahcross-lk‘ad and by lljc high j’atio of fiuid to 
inertia pressure. If Professor Mathot's figuiv of 83 p(U’ (*cnt b(‘ taken, 
then the indicated thermal (‘ffici(uicy be(*om(\s 37*4 ])er i'ent. Sim*e 
the fuel used contains sonu* 50 to GO jku* cent of hydiogeu, the 
comjn-ession I’atio could hardly be higher than 5*G : 1, corjt‘sj)onding 
to an air standaid efiiciency of 50 per remt. IS^ow, in a four-cych^ 
engine such as this, the N‘lativ(' effiimuicy could not })ossibly lx* 
high(‘r than about 70 ]xm’ ctmt of th(^ air staiidai'd, whan the 
untfKrourable sha]X‘ of the txanbnstion chaujlxu’ is laken into con- 
sideration. The iiidi('ated thermal elliciejjcy, th(‘ivh>rt‘.,»oould not 
be highei* than 35 percent, which would give a nnx'hanical efficiimcy 
of 8S*G per cent, and this is probably much nearer the actual ti’uth. 

In the t'a.'^c of huge engiiies using blast-furna(ie gas. wn’th which 
a (*ompr(\ssion ratio as high as 7:1 can, be safely (‘juplo^^ed, it is 
sfeid that br;<kc thermal efficiencies as higb as 1)3 ])v,r (*.ent have been 
re(!Oi*ded in actual lests. This is, of course, ]>erfectly possible, but 
the tests reierred to an? not authoritative and lack confirmation, noi* 
i* it (‘asy to >ee how’ either tl^e (juantity or the heat \alue of blast- 
furnace^ gas could l)e detennined accurately. 

In these very large' engineis, no ntteanpt is usually made to we)rk 
with high me‘an pressures on ace.*ount e)f the high tern ijxn-atu res in- 
volveel, aiiel the usual Ueintinentah practie'C is to eanploy a anean 
piessure* of about 70 lb. per sejuare invh for jujor gas, su(;h as 
})j(xlue;ey- and blast-furnace gas, anel about 80 to 85 lb. per square? 
ine-h wdien using e*e)ke*-e)ven Vgas. % 

Jt is oltA’iojiis thiht tlie lliofOuyli clftaiiiiig of tlie gas is a. con- 
si(l(‘vati()n i»f the very' first i/iipOrtJiiKa'. Most waste gases eontaiii 
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provision can be made for the different expansion of the water- 
jacket and cylinder barred. 

Another feature of interest is to be found in the exhaust valves. 



Vliicli, ,bk(; tlie Krliardj.-Sclnncr valves, are made of steel, with cast- 
iron heads.. The head.;< i:/'thi.s‘ ca.se, howevtir. are provijled with 
skirts which fit loo.sdy over the watei-c-ooled valve guide, and thus 
2)rotec,t the .stern fibiiV the ero.slve effect of the blast of high-tem- 
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jierature gases. Both the inlet and exhaust valves are operated by 
means of eccentrics mounted on the camshaft through the medium 
of rolling levers, as shown in fig. 161. The admission of gas is con- 
trolled by slec\'es mounted on the main inlet-valve stems. These 
sleeves are provided w'ith a numbei- of ports which register with 
corresponding ports in a fixed liner, when the valve is opened. In 
almost all othei- respects, the NUrnberg engine i^escmbles the 
Erliardt-Sehmer, and practically all other European designs‘'of large 
four-cycle, double-acting eugfnes. 

The Snow Engine. — In the large gas-engin&s built by tlie 
{^uow 8team-Pump Comimny, of Bufhdo, U.S.A., the conventional 
di'sign has I teen departed fi oiil, aiid the valves are placed in side*, 
pockets, with the inlet arrUnged vertically over the exhaust valve, 
as in the National and other vertical cngine.s. The chief advantage 
of this design is that i*" makes it possible to place both the inlet 
valv'e and the ignitei- in a ixteket, and thus allows of bettei’ 
governing and better efficiency on light lofids. On the other hand, 
the provrsion of a side pocket, of the depth necessary to accom- 
modate the vah es, and the extension of the water-jacket in order 
ti> embrace this ])0cket, mast lead to very severe stre.sses, due to 
uixMpial expansion, and there is a considerable danger of cracks 
devel»?j>ing both in the cylinder bo<ly and the water-jacket, at the 
point where the jw-ket meets the cylinder barrel. 

In tire'Smm, as in most other American engines, an overhung 
single erank is employed in place of the more usual double erank as 
used in Europe. 'Phe arguments for and against this practice are, 
of course, nuiueiou.s. The American .system undoubtedly admits of 
tin* use of a veiy much cheajier eraidcsliaft and coiineetiiig-rod. 
Gn the other hand, the weight of the main frame is enormously 
inert'ased, siui‘e the stresses are not transmitted directly down it. 
In the large American gas-eugmes, the erank disk, balance-weight, 
and crank-pin are all cast in one ]»i>ee, in mild .steel, and a east 
mild-steel connecting-rod is al.so generally usod. Thi,s free use of 
east steel e.ertaiidy roduei's the cost of the engine, and aj)]jears to l.e 
entirely satisfactory. In Eui’ope, however, tew of the manufacturers 
have«yet acquired sufficient cenridenee in mild-steel eastings to risk 
their use in such vital parts as tf'e eouneetiug-rods or eiaukshaft- 
journals of a large gas-engine. This eouscr''atism may be ^imtiiely 
without .justification ; but it masr also be r<,'member( /l that, as a 
general rule, more is expected of a European than of an .Vmeriean 
engine, and breakdowns are taken more senou.sly. On the whole. 
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j U> |ji.ruiis!kiuii of till- liistiiutiuu oi Mc-i liiUiical EnniiKv rs 

Fig. SiMgU'-c}liiulci J^oiible-acting 3]iigiiic driving a Southwark Blowing Fngiiit* 


the largo gaR-cugiiio, in Ar.icrica, ha.- 


iK*t“ii ’.iior(' or 


los.s of a cli.s- 


appoiiitmoiiL 

^ Cockerill Double - acting 

1, i Engine. — Tlic Society John 

•fA (^xkeril], of Si‘r;nii£»; (iieM* Li(*<;(*), 

1 iHOficiinij, was ()ii(‘ of llio first 

^ i f iiriu^ to einliiuk on flu* ('onstFuo 

\ \ ! th)n of lai’gt* gas-eugines for hlast- 

T*,jV3r! furna(‘(‘. gas. and this (*()in])any 

created .soni(‘\vlu‘d ()!’ a sensation by 
r B (‘xliibiting al Paris, as l(.iig ago as 

i a. singU^-cybiider. single-aet- 

/ gas-engine of GOO 

Bv |>e;lllll^MO^ III tilt Inst urMi-ili lliur i . r • i i ■ . 

and »*os.r oi a single-aeling engine, 

Fig. n 13. Cross-section of CS’linder, .shfiwing i* . i • • ' j. 

VsiiveOear ^ bis (‘i.orinons Size, wore so great 

t tliat it could not (‘oinjude witli the 

double-aeling typii wJiieJj yus lieing devrlo|)(‘d in (Jerinaiiy. The 
Cockerill Coin|)any, liow'evei-, lost very litlh' tiin(‘ in bringing out a 
drfiible- leting engiiK*. on sonieTrlj."it similar linos to tlic rjormaii type- 
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Au example of one of these engines is shown in figs. 162 and 
163. This engine, liowever, lias only a single cylinder of 51' 2-in. 
Iiore, and 5r)'l-in. stroke, and develops 1200 ll.H.P. when running 
at a speed of 80 R.P.M. As a general rule, two such cylinders are 
used in tandem, and this is rather an exceptional case. The 
engine shown is directly connected to a huge blowing cylinder, the 
piston of which is mounted ujioii a continuation of th^'main piston- 
rod. In most respects, the Ooekerill double-acting engines»conform 
to what may luw be rcgartled ag standard pmetic'c, hut the con- 
struction of the friwnes is somewhat different. ThesVi consist of two 
Jong box-girders, which are <*.‘vrj‘ied the whole length of the engine, 
and between which the eylindcl’.'i are boltiid, as slwwn in the section. 
In order to ])ermit of free’cxjisnsion, they are, held rigidly by the 
middle point only. * , , 



i CHAPTER XXV 

THE GOVERNDSO OF. GAS-ENOIIvfES 


A good deal has been written from time to time about the 
goveniiug oi' gas-eiigilies. I'lie vai’ivii.s systems have already been* 
discussed from a tln'oreticarpoint of vie\v„and it only remains, in this 
cliaptei’, to considf i' the pracdieal applieatiows and the mechanical 
features of these systems.. It lias alreaiiy bhen exjilained thnt tliere 
are three'k'ading principles of eiMitrol: — 


1. “Hit and inks’. 

2. Quantitative or thi’ottle gr)V('rning. 

3. Qualitative governing. 


In tlie first principle, fhe «juantity of gas, admitti'd at every 
firing stroke is always the siime. and the sjieed is controllfed by 
varyiiig the number of power stroki's. ;\ scjiarate valve is used 
foi' th(‘ admission of the gas, ojieraled I’roin the (jamshaft througli 
the mediunrof what is generally termed a “jiecker”, that, is to 
say,' a chisel -shaped pi].Qi-rod,^ hinged at one end and connected 
with the governor, so that, when the governor rises, the pecker is 
lifted clear of the end of the valve and mi.W's it altogether. 

* In the second principle, the governor controls the quantity 
of both air and gas in e(]ual jiroportions, aijcording to the speed. 

In the third jnincijile, the goAeiaior conti’ols the supply of gas 
oilly, the air.admi.ssion remainKig unrestricted. Kaeh of these three 


systems must he regiirdcd from two points of view': (l) thermo- 
dynamic,^ and (2) mechanical. ' , 

laking first the “lyt and miss” princijile, and considering the 
thermodynamic point of view'. In* afn earlier chapter it has ‘been 
shown that, when running on light loads, the thermal efficiency 


oT the* expansion stroke following a smies of misses is actually 
higher than t hen firing, at' ever^y‘ cycle, on account of the thorough 
scavenging and the e‘xj;ess of. ail present in the cylinder, and that, 
therefore, the indicated thermal efficiency is greater on light than 
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on full load, though tlio difference is comparatively small. This 
advantage is, however, offset by the veiy much gi’eater fluid losses 
during the idl(‘. strokes, when running on liglit loads, with the result 
that the net indurated thermal <‘fti(‘iency is somewhat lower on 
light than on full load. In practice, “hit and miss” governing 
is the simplest and, from a mechanic-al point of view, the most 
efficient principle of the three, but 
it is open to* two objections 

1. 'Hie turning moment is^ very . 
uneven. On light loads there may 
J3e only one ])ow('r stroke in every 
six or 'seven cycles, and this^iji- 
volves the necessity for an* abnor- 
mally heav)' fly-wheel* and <‘auses 
excessive reactionary vij nation. 

' 2 . The engine is sul>jected to 
shocks of erjual severity whethm- 
it be running on full load’ or light. 



and the lift* of the bearings and 
other ])ar|s is less than when some 
method ol* governing is tun])loyed 
which provid(‘s an impulse at eviny 
(*V(*le. 

It is^ on account of these* two 
objections that the “hit and miss” 
principle has Ixyoine obsolete, ex- 
cept for very small engines, and 
even in that field it is now rapidly 
dying out. 

Tlie inechanic'al problems con- 
nected with the application* of 
“liit and miss” governing are 



exceedingly siiinjlc, for the gear ^ 

can be so constructed that the^ load tlirowii upon tl)(‘*g<^vernor ,is 
riegJigil)le, and the movement reejuired is so ex(*eedingly sinall tliat 


very*close governing can bh (il)t*ained. 

Crossley Governoi'. — In fig. Ifl4 is illustrated the arraiigc- 
ment ado[)ted by Messrs, (h-ossley Brothei-s |*or their ‘‘hit ajid uiiss^” 
governed engines. In this ease, the gAsrvalve cap is r^ovided with 
a wide flat siutaee, against which fasts^a small* harde,^ied-steel block, 
.sus])eiided from ‘the governor-arm. * Ohe side of^this block has a series 





378 


THE INTERNAL-COMBUSTION ENGINE 


of V-sliaped giooves r.ut in it, the otlier side, bearing against the valve 
ca]), l)eing flat. Tlie rocker from the arm (tarries, at its extremity^ 
a light hardened-steel ‘‘peek<*r”, (*ojisisting of a thin piece of tool steel, 
ground down to a. eliisel (*dg(‘ at on(‘. end, and loosely pivoted to the 
rock(*r-ann at tin* otlnn'. Tin* low(irsideof the peedeer rests in aV-shaped 
guide, whose fuiu'tion it is to prevent it swinging sideways, and, at 
the same tiint». to allow it a certain amount of lap'ral play, so that it 
shall al\>!ia}'s be able to lind its way into one or other of t*he. V-sha[)ed 
grooves iji tli(‘ gyvei-nor-blo(‘k,®and not^iide on the top of tlann. 

In normal (^pin^tion, tht* pe(*k(‘i**(‘ngag(^s th^ go\’(*rnor-b]o(‘k at 
ev(ny cyi h*, forcing it agahisj: tlui flat, valve cap, and so opening th^ 
gas valve; but, so, soon as^the loa<l is’ reduc.(‘d. and tlu' speed jises, 
the governor slidi's the ntovablc Idq^/k httiMally and out of engage- 
numt of the ])(‘ckei\ so that tlje valve is not opened. Wlnm running 
at normal sp(‘ed, the pevk'er either engagQs with tlu^ last* groo\e 
of the block oi* misses it entii*ely, the mo\'(‘m(‘nt. J'erpiired to 
diilerimtiate betwcum the two being almost intinitesimal. Wdum 
th(‘ engine is sto])ped, the governor falls so far that. th(‘ bld(*,k is slid 
out of enga;t(*iiHMit with the peckm* in th(‘ othm* (lir(‘etion, and all 
d.-tfigca* of the (Uigine stop])ipg a(M*identally with th(‘ gas and air 
valves open is thus eliminaUd. It is obvioys that, with this arrange- 
mejit. the go\ernor is only called upon to move a \(*J’y light* block 
through an inlinitiisimally small distaiK'.e, and that at a time when 
it is ]n<n*ely "floating ”. Kj*om the j)oint of vi(‘w of sensifit'e.ncss, it 
would l)c impossible to imju'ove U])on this system. 

jQuantitative Governing. There aj-e three*. Reading methods 
of (juajititati ve. governing in g(‘neral use: — 

1. By throttling the supply of gas and air, either by mi'ans 
of a. sijigle tfirottle valve controlling the mixtui*e, oi* by means of 
two throttle valv<*s. one* controllijig the* air and e)n(*, the uas. 

1^. By varying the lift of the main inh‘t valve, which, in this 
c.as(‘. is pre)vieled with a sup])leme*ntary valve on the* same stem, 
controlling [he g^s aebnission. 

• il. By varying the eait-off inst(*a<bof the lift of the main inlet 
valve, ea* bv usiTig a supph-mentarv cnt-olf valve. 

The first system is ceunnionly employed! lor e‘ngiiu*s using teuvn 
g’^Ls, oryjther gases whiedi are com{)arat ively clean and free from tar. 
AVhen theuei^s much tar oii flij't ki the gas, liowcver, thrott\e ^'alves 
are liable to bi*come* #e'hed\e*el aiM te) stick, e*ausing thp governor to 
“lhn|t’\ and, in extre*nm e-ascsf <*rttij'ely [)r(*ve‘nting it fi’om function- 
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iiig. The use of a single throttle valve 'for gas and air involves the 
addition of a separate mixing valve behind the tlirottle valve, to 
dc'terminc the proportions of the mixture. Siieh a valve, as used 
by CVossley Bros., is illustrated in fig. 124. The arrangement is 
simple and effeetive, and the governor is (*alled upon only to operate 
a light, balaneed, butterfly throttle valve, fitted close up to the main 
inlet valve. T\w mixing valve takes eare of the proportioning of 
th(? mixture,, and reli(‘ves the goA^ernor of all bi]t the operation of 
th(i single throttle valve. * Such an ai-j‘ang(uneyt has also the 
additional advantajie that, in tlio event *of tlie eiigin.*^ being aeeideii- 
tally sto]Dp('d, the sup]>]y of _ gas is iuitomatieally cut off hy the 
mixing' valve*-. This, of etourse,^ is a ‘very important point in the 
ease* of small engine^-s, Avhich av^* often left running unatteuided. 

In some of the laTgei* engines in Avhich throttle goA^erriing is 
employed, two throttle, A^alves are fitte^eL* e)ne (‘Ontredlijig the gas 
and the other the* air, and both ()perateel simultaneously by the 
governor. I'his ari’angeuneni lias denuded advantage*s. The butterfly 
valves ca'n be so adjusted tliat*tlie* first movement of the governor 
afleets the gas valve only, bnl not tlie air; this (*an bp e'.ontinued 
until the mixture-* is weakened as far as is (*onsist(mt witli eom- 
])let(i combustion, and, t]ier(*arter, the Kvo valv(*s operate* together. 

li? this manii(*r the*, first re*-duction of the loael is affeeue'ei by 
epialitative governing, until the limit of this form of governiitg 
is 2 Tae*.Jjt‘e.b and tlie‘j‘eafte*r by epniiititative govei*ning ovei* the 
re*nia.inder of the range. TJie effect *of this is. of course?, that the 
maximum e*fficic]ie*y is ol)laiueel at the peunt where tlie ^jualitativc 
governing ends, whiedi is g(*ju‘ra.lly at about three*-ciuavters of lull 
l(.)a(l, the load on which most engine's are generally run in aeitual 
ser\'ice. The use of double valve‘s has also the aelvaii)age that it*is 
very e*asy to vary the ])roj)ort.iou nf gas and air iml(*|)endeiit] v of 
tlie ge)ve*i‘iior, or to adjust it se'parately for the se*])arate e-ylinel(?rs of 
a iiiulti-c} liude]- engine, in which th^ propewtions ai'e* liable to ))e 
seriously afft'cted by tin* ])idsations in the inl(*t piping. The 
ol)jcction to the arrangement lies in the ffu't tliat^tlje governor hjis 
two or moie* vah’(?s to opc*i*ate instead of oiily one?. AVh^thej’ one 
or two valves be use*d, thev> must nee*.e*ssarily l^e* of ,e-oiisiderable 
size to avoiel restri(*ting ifhe supj)ly, and for the sanJe reason their 
travel must lx? eonsidei-able. This, of course, r(?duces the sjc*}jsitiv^- 
ness of J:he go\’(?rning, and necessitates' Uie use of a y*ry powejful 
goveiiioi*, if a,nything like (dose gch^U’ning . js to be gimed at, unless 
some form of air ov hydraulic n*lav' b(N*in])ld^'(.tl. 
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Variable-lift Inlet Valves. — In most of the larger engines 
using producer or waste gases, in which there is generally a large 
proportion of tar or dirt, the use of throttle valves is generally 
undesirable, and the supply of gas and air is controlled by varying 
the lift of the main inlet valve. For this purpose, an enormous 
number of difl'erent gears have been devised, some quite fantas- 
tically complitated. The fundann'iital idea of most of these gears 
is the interposition of a lever with a luoxable fulcrum between 
the push-rod aivi the valve. *Xhe afrangenient adopted on the 
Crossley engine* is shown iii fig. 137, and this isi typical of modern 
practice. The swinging fulcrum-rod .is suspended above a curved, 
link, and varic's the lift of, tlie valw according to the position it 
takes up. This swinging rod is operafed by the governor, and, 
during the period that the valve is seated, ;t*is out of contact with 
the curvpd link, and is* floating freely, *iO that it requires no 
apjireciable ('tibrt to swing it to and fro, and has no tendenciy to 
react ujion the governor. This, of course, is oidy one of a whole 
legion of mechanical devices to obtain the same objec.t, but it is a 
simple and .thoroughly effective design. It is somewhat surprising 
that although there are any. number of devices to be fqund that 
efl'cet their object without •throwing any Joad.upon tin* governor, 
)'et some engines are fitted with such devie-es as tapered Vains, 
wedges. &e., many of which require considerable, powei- to operate 
them, and all of which are, so to speak, unbalanceil, and react upon 
the governoi', causing, or at least tending to cause, it to “hunt". 
Th^ system of varying ^the jieriod of opening of t^ie main valves, 
and the ern])loyinent of auxiliary cut-off valves, have been allud(Ml 
to. The object of such devices being to reduce the fluid losses 
difring the ellargiug stroke, the mechanical complication introduced 
by them is generally out of all pro})ortion to the small advantages 
gained, and now that the design of gas-engines has settled down U* 
mOre sober li,nes, they have pi’actically'^ all disappc'-ared. 

The use of quantitative governing has become almost universal 
OB gas-en^iifes of medium power, an'd ^is very largidy used on high- 
powered cugiue.Si It is .simple, and, .since it provides for one impuLse 
at every cyelc, it has the great merff of giving an even tuftiing 
moment,^ good balance, and freedom froin shock. 

* Quajlit9.tive Govefning, — In an earlier j)art of this volume, it 
has been sln^vn that if^it«were ^)o.ssible to control the .st)eed and 
power of an engine by* vavyiug the density, but not the quantity, of 
the working fluid, tin? eflieicncy would increase prog'res.sively as the 
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load was reduced. There seems to be every reason for supposing that, 
at the point of no*heat supply, the actual efficiency would be equal 
to the air standard efficiency, as is shown in the curves, fig. 13, 
Vol. I, and that in an ordinary engine, with a G ; 1 compression 
ratio, the efficiency would probably increase from about 35 per cent 
at full load to about 47 per cent when running light. Unfor- 
tunately, however, if the gas supply l)e reduced beyl/nd a certain 
point, combi^stion will be first retarded and incoijfiplete, and finally 
will not take place at all. > ^ » 

The actual range over which rcasonabh" complete ' combustion 
can be relied u])on is very .small. In the case of town gas, the 
range Of density available is from aboi’it 90 down, to about 50 or 55 
B.'r.U.s per cubic foot. A t< the,, higher density the temperatures are 
very high, and the .sti*esse.s very .severe. Moreover, owing to the 
exe.es.sive. heat lo.ss. and the lo.ss due to tin • increased .specific heat of 
tlie ga,s(!.s, the efficiency i.s low. Fo? practical purpose.s, th(i highe.st 
mixture-derisity that caii be u.sed with advantage is generally 
about 75 ‘to 80 B.T.U.s [ler cubic foot, and if the lowe.st be taken 
as 50 B.'^r. U..S per cubic foot, it follows that the range of load 
over whicli qualitativ(‘ governing can, be em])loyed is only about 
35 per cent, which is not nearly suffic's'ent. 

AUhough many engines now on the market are provided with 
(jualitative governing, yet tlie.se engimes are either intended t» run 
under conditions which afford a practically uniform load, or they 
are provided with .some sujiplemcntafy f’oim of goveriiing, such as 
“hit and miss” or throttle governi7ig, on the lighter 'load.s. . In 
practh'c, a qualitative-governcd engine cannot as a rule be relied 
njioii to run regularly over a range of load exc(‘eding 50 }ier cent, 
nnle.ss ])rovided with some such supplementary sy.^tem. If the 
range be, carried too far, and the mixture weakened beyond a 
certain point, combustion becomes .so iueoraplete ami .shnv that it 
i.s .still eontiuning even a't the time, when the inlet valve opeiis, 
with the result that the entering charge i.s ignit(‘d, causing a baek- 
fir(‘. througb the inlet valve. ■ ' ' , 

In almost all the system.s of (pialitative governing. aS applied 
to fwir-eyclc engines, pr('n.s’pu is made for the admis.sion of air 
alone, during the first ])rtrtion of^the suction .stroke, followed by 
gas and air during the hitter portion, the proportion offgas and 
air admitted during this latter yiortidn, oi* the .stroye remaining 
approximately the same at all load/, but tile quautijy i.s I'aried by 
the governor. The object of this' of cour.s*?*, -is that the contents 
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of the cyliiidei- sluill c*onsist of nenrly pure Jiii' next to the piston, 
und of (•ouil)nstibJe mixture next to tlie igniter. In practice, 

there is no doubt that some sucJi stratitic'ation does occur, though 
to a very limited (‘xtent, for engint^s govenuMl l)y tliis method 
have a jange of ])o\ver \vhi(‘li (*ertainly ex(*c(Mls the jang(‘ of inllain- 
mahility oi' tlu' mixtiuv. Ilie loss, liowt^vcn*, du(‘ to retarded and 
in(‘om]:)l('te rfnnhustion counterbalances tli(‘ gain that might Ije 
expected from the liigljcr efficiency tlu*oietical]y ohtainablt*, with 
the net j'esnlt ^hat <]ualitatiVe .goyer^iing. as at presiuit applied, 
is litth‘ 01' no* imfi'C effici<hit than (juantitati\i^, and is Aery de- 
ci<ledly more siuisilive and tiresome, to look after. , 

In laj’ge doidob -acting gjigim^s. inechani(*ally-oj)erat<M] auxiliary 
gas valvr is g(*n(‘rally fitted, (dther voncfmti’ic with o]‘ aloiigsidc the 
main, inlet \al\e. The timing of this A'ajve is controlled b>' the 
governor,, through th(‘ mVtrinm of om^ ol' tJu^ many forms'Of trip- 
g(‘ai‘, so that it is o])en(Ml earli(‘r oi* lalei* in thi‘ stroke', a-c(‘-ording to 
the load, but is always (dosed either just ludbri', or simultaneously 
witli, th(* inaiii inlet \al\c. * 

lii th(‘ ^design oi‘ tin* ti'i])-g(.*ars tlieiv is, as might Ix' ('X])ected, 
a great deal of variety; but#an\’ gear that Avill w(‘ai‘ avcOJ, is toler 
al)ly sih'iit in oj)eralion, •'and thi’ows ]i,o stv’ious load upoji the' 
govei’iior, is .suital)h‘. In sonu‘ f(*w (*-as(‘s, (h'sigiu'rs have' abajMoiu'd 
all a('tem])ts at oluaining stratifi('atioji, and have falleji back (.ni 
a ])lain throttle vaUe in the gas j)]j)e only. With siud) a crueh' 
arrangement' it is ol)\’ious that tla* rang(‘ ovei- Avhi(di tJie engine will 
ruiris e(]ual to, l)Ut iiot^ gr(*at(*r than, the j*ang(‘ of iuHammability of 
the mixture, i.e., in the (vise of towjj gas, only al>out d!) ])er cent. 

Crossley Qualitative Governor. -—A l>out the v(*ai 
Mi •ssrs. (h'os^lev Ihotlieis built some large tand(‘m sijigle -acting 
engiiu's, develo])ing from oOO to GOO Ikll.P., \vhi(di W(‘r(‘ ])rovid(‘d 
with (jualitativ(‘ go\ ejning. Foi* tlu'se (‘ngiiu's. a javailiarly ingenious 
iifh*t \alve .and governoi- d(‘vie.(‘. was ado])ted, whi(dj, Iroin th(' 
successful inanjjei- in ydii(di it woihed, (h'serves careful (*onsi(l(‘ration. 
I'Jie d(!vic.e*is illuslraled in section ^11 lig. 1 G 5 . 1 h('. main inlet 

val\'(* is o]j('i-at<‘d direvtly from th(‘ iid(*t (.*am, and its opei-ation 
is unattcctiMl by the load oi* spc'cd. ’ '•ria* gas A'al\(' is carrh'd*^ cori- 
cenlri(*all\^ on the stem of the viain \alve. This valve is free to 
move in, oij(' dijcction, Jait is (a>mj)ell(xl to (d(.)S(‘ wh(Ui, or slightly 
befoj'c, th(' nViin valve cio.'^.'s, bv*m(*ans of a small collai- sc#^ev\(*d 'to 
the main valve st(‘nt. ^ ‘lielo.w Uiis collar, a sc'.cond .(‘.ollar is also 
attached to the maiif valve stem, and a s])i‘ing is fitted between it 
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aud the gas valve. By this means, the gas valve is forced open l>y 
the compres.sion of the. spring, when tlio main valve is opened, and 
is closed j)Ositively by the scirewcfl collaj- when the main valve closes. 

'J'he up])(;r portion of the' gas valve is formed into a piston which 
is a clo.se, but fi'ce lit, in a short cylinder formed in the toj) of the 
valve cage. This cylindei’ is eoni^detely closed, except for a .small 
hole through which air can entei-, ami tin; area of whiel/is coutrolleil 
by a .small 2)',.sLou valve conueetc'd to the governor. If this valve be 
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ill such a ]M)sitinii lliat 11 h‘ air inlet- is (*uiiipl(‘tol)' rut oti', it is 
<)l)\i()iis llmt tli(‘ u'/is (‘ainiut ojmui williout lorniing- a Aacuuni 

ill lh<‘ cyliiuler. The sjiriijt; <)|U*niiJ!^ tin* valv(‘, ]i()\\(‘ver, is not 
of siiflicieut streni»tJi to proiluce a vaeunni in tlu^ eyliinhu*, luuic'r. 
iiinhu* these eondit ions, it will not ojhuj at all. If now thi' small 
]hston valve Ik* shifted by the go\(‘rnor to sueli a. posit i(^n as showji 
in the illnst ration (tig. 1 ho), air ean miter tlu‘ e>dindm-,slowl}'^ and the 
gas vnlw will open as soon as #uffieient air lias mitennl to ndieve th(‘ 
Aaeuuni. That is to say, ft will ojie^i some time after the main inhd 
valve, and will remain open until it is closed hy tli(' closing of tlu^ 
main val/'e. It is obvious that, wfth tlrt.^i ari’angmiientytlu* opiuiing 
of the gas Aalve can he delated H/aiiy d^'sirrd (‘Xtjmt by merely 
moving a small* and light balanee*d \)iston V;ftve through a very 
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small range. All that the' governor is required to do is to vary 
the position of this minute valve. 

The gas valve, in tliis ease, is in the form of a balanced piston 
valve, and has a lap of about in., so tliat it has to travel 
through this distanc-e* before opening the gas inlet port. In order 
to e.lose the gas valve completely, the <;ollar on the main valve stem 
is sup[)lemetft^ed by a small butter spring, which ensures the return 
of the »pi8ton am] gas valve to the top of its strokq, and which 
expels any air .which may have leaked into the vacuum cylinder, 
through the sFaalU check valve shown in the, cover. The whole 
arrangement is simple, and highly ingenious, the time of o})ening 
of the gas valve is under' the iwdst perfect control, aiid that 
Avitlioiu throwing any jun'ceptihle h^id on tin* g()V(‘rnor, or requinng 
anything but a very tritiing inovonient. 

'rV-sts carried out on ‘tlris (‘ngine by Professor Nicholson sliowed 
that the variations of speed, Vheii the load was instj.intaneonsIy 
diopped from (iOO to 60 horse* power, did not exceed I'GG per cent. 
No figures are given as to the c><iieien^y of the engine on the 
lighter loa^ls, hut indieator diagrams, takim with a mean pr(hs,suro 
ot 66*0 lb. j)er square inch,, i.e. about 00 per (*eiit full load, sho\^ 
iT*uular, though retard(‘d,» combustion. An illustration of this 
engine, which shows A^ery clearly the actual arrangement of govern- 
ing, 'is shown in fig. 1 00. 



Fig. — (4ovoming Oi'ar on TainltMii Fngiiio of TiOO to (ICO H.P. (Croshley) 



CHAPTER XXVI 

VA1>0R1ZI;^G OIL-ENGINES 


Very .soon iifti'r the .success of the ordiiniry ^^}is-cngine liatl been 
’thoroughly e.stablislicd, a clemaud arose foi’. and inaiiufactiirers 
turned their attention to, ,tli(i (levelopnVnt of a nioditied form of 
gah-engine, which could run on ordinary paraftin. oil, and so enable 
the engiine to be n.si'd in’ districts where , to, wn gas (then the only fuel 
for ga,s-engine.s) was unobtainable. * * * 

Tb(' engine produced in rcspon.se to this 'demand followed the 
accepted. gas-(‘ngine design, and differed oidy in this respect, that 
provi.sion was made for vajioi'izing the oil, and a lower compi;es.siou 
•j’atio Avas ])ro\ ided. yiich (‘iigines were termed oil-engines, and, for 
a long tiinc, represented the only form, of engine consuming liquid 
fuel on the market.’ With the advent of the Die.sel oil-engine, and 
.still later of the so-called scmi-l)ie.sel engine, both of which are 
designed ihroughout for the express purpo,s(! of consuming liquid 
fuel, and which are capable of consuming in’actically,any form of 
this fuel, even down to the hea\i(*.st re.sidues, the field of u.seful- 
ne.ss of the modified gas-engine has been very much restricted. 'At 
the same time, the develojnnent of gas-producers, even in com- 
[taiatively small jiowers, thus enabling gas-engines to be used ,in 
[ilaces Aviiere ordinary town gas is unobtainable, has .still furthm- 
narrowed down the ,seo[)e (ffjhe vaporizing oil-engine. At the 
pri'seiit’ moment, there iqipears to be ever}' prospect that the 
ordinary vaporizing tyja* of oil-engine, using refined 'paraffin, will 
be driven ti'om the mai'ket. oi- jit least restri('te<l.»to a’ i^’Ciy limited 
lield, by the severe conqietilion from the producer ga.s-ingine on 
the pne hand, and the .sejni-Dgt'sel engine 'on the other, either of 
which can jiroduce the .-iame ])ower for about one ••quarter of the 
fuel bill. * • , 

. In very .small powers, up to a pr (» hor.sff-power, thy '[lai’affiu oil- 
engine still finds a considerable uiiwket for .such pui|)o.ses as agri- 
e.ultural work and the, electric, lightiv’g of fcapitry hou.ses; but,* in 

voL. 1. as.'. 20 
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tlicse siiijill sizes, a new ('•oni[»etitor arises in tli(‘ ' form of the 
jietrol-engine, wliieli, although it uses a. more expensive fuel, is 
cleaner, liandier, and more ivliahlc tlian tlie paraffin engine. In 
the somewliat sj)ecialized held of marim^ work, the vaporizing oil- 
engine is still extensively used, even in ]K)wers u[) to 200 horse- 
])ower; hut this is ])robal)ly because its chief eom])etit()r, the semi- 
Diesel cngiiu^with few exceptions, has not yet been d('velo])ed foi- 
marine vj^ork on rational lines. 

Vaporization. — In the ordinary# ])aiaffin engim^ the oil is 
va|)orized oithei: within or -w ithout 'the cyJimh^j', and the va])onr 
treated exactly as tin' gas is tJ-eated in a. gas-engine, that is to say, 
it is mixed with air, e('im])r(\ssed, and jignit(‘d in the n>iial way? The 
problem would be sim[)litvTty its(dfpl‘ it were ])ossibh‘, to convert 
paraffin into a gas b\' mi‘relv warming it. » I bifoitunately, com- 
ni(M-cial pai‘affin is not a detinite clunnical comjxuind with acdiffinile 
boiling-point, but is a (‘olhvtiit^i of all thos(* liydroc-arbons whi('h 
distil over b(‘tw(‘en lM)() F. and about (iOo’ F., and includes the* 
whoh' range From Nonanes U.,IF„^ Fmitadecane. fr('- 

(|U(.‘nl]y e*v(‘n higher up the i*ang’e. The lowau' (Uid of the' rang(* is 
liigited by tlie restri(*li(nis im[x»s(Ml as 1o Ihe tiasli-point. but th(“ 
u])])er 1 ‘Jid is limited (»nlv' tin* commeiu'ial hone.^ty of the distilhu* 
an<l the temhuK'V for the still htaivier fractions to diM'olour th^ fuck 
and sg disclos(* tlnar ])reseiu*(*. Since th(‘ boiling-])oint of the various 
constituents which go to form commei’cial jiaraffin varies from 
2i)0 F. to (;Q,0 F., it is clear t*hal, in order to va|)(>rize the whole of 
the fuel, its' tein])eratur(‘ must be rais<Ml to at least (>()() ’ F., otluirwise. 
fractional distillation wfll take'^jilacig and the heavier Iractions will 
colh*('t in the vajiorizm’. ^ 

. Now, if pi^i’atlin be heated to a temjiei-aturt* of (JOFF F., sonu* of 
the lighter fractions will Ik* (‘racked”, that is to •^ay, they will Ik*, 
split up into cai’bon and hy<lrog(‘n, the former b(*ing deposited in 
tlv* vapoiaz(‘r, whh'h Avould v(u-y soon beccVliu' (‘hoked. It is evident, 
thereffirc*, thaV it is not ])ossibh* merely to boil the paraffin and treat 
tin* va])our jas'a feed gas, as can Ik* .done with ]a*trol. If, however, 
till* fuel U* hi*ated in a va])orizer, thrMugh whi(di air is jjassing, at 
a tempi*rature of about V)()()’ F., “cracking” will lie preventxMlo and 
n(*arly the whV»l(*, of tin* fuel will be vajxorized: but, if the t(un- 
j^crature^'falls much beJow 500 V., only partial va])orization will 
OCCU1-, and, much aboVe,J^ is li^dih* to cra(*k. Now if tin* wdiole 
of tin*, fuel ami the ay- sl^ppliecD^lio tin* engine were rais(‘d to a. tem- 
perature of 500* F. b(*f )re en^errng the cylinder, it is obvious that 
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tho volumetric efficiency would be j-ediic(?d to little more than Imlf of 
that wlihdi would be obtained with a normal charge. Also, owing to 
tlj(^ high suction temperature, only an ('xceodingl}' low compression 
ratio could be emplo}’ed, for the tem])ei-ature would very soon reach 
a point at which severe detonation and pre-ignition would occur. 

From the above considerations, it is evident that it is not practi- 
cally })ossible merely to vaporize the fuel and then ti-ea^t; it as a tixed 
gas. The other alternatise, is to pulverize the oil to a yyry fim' 
(l(‘gree, gejierally by passing; air thivugh it at an extremi'ly high 
velocit}', and, as fai* as possil)le,*to ihaijitain it in ^his.tijiclv atomized 
conditi<m until Jt is ignited. Unfortuiiat(*ly, the finely divided 
|)arti(‘k‘S of fuel can only be kej)t in sjisiiension so long as the aij- is 
trav(*lling at an (*X(‘eediiigly liigTi velo(*it\'i iSo sckui as this velocilv 
falls, as, foj- instaiH'.e,. after passing llu' iiih^t* a alv(‘ and (‘iitei-ing 
(1 h‘ cyliinhu’, the jjailich’s iinmeiliately sln^w a tendtniey to c.oales(‘(», 
and pi'ci'ipitale on the walls of the ovlindcn*. or upon au}'*}K)rtion of 
tin* inducln^n ]>ipi‘ wlnu'e a chajige of velocity* or dir(‘ction oc(*in‘s. 
Anv fu(*l« that is s(.) ]U*eeipitaV‘d e.'^ca])es (‘ombiistion, be(*ans(* it 
cannot Ik* surrounded Avith tin* ]j(‘ce.ssarv sut»ply oi‘ aij*. A .small 
portioji of tin* lin*! so ])j'(‘cipirated Avill bui'n slowly from the surfa;*e, 
leaving a*hea\y carbon d(*])osit, but tin* en‘ati‘r ])roj)ortion will ])ass 
through tin* (‘iigiin* (M)m])relely unburnt. 

In [)i‘a<'tic(‘, most of the engiin*s which t‘in]>]oy s(‘pai‘at(‘ ext(‘rnal 
\a])oriz(*iis,rely ])artlA on heating the fin*! and air, and paitly upon 
])ulverizatioji, and a fairly satisfactory, or at least a workable, com- 
prouiise is ai‘riv(*<l at. • 

When (juantilativ^e gov(*]-ning is i^*li(*d ifpon, as in the ease** of 
marine, oil-engines, tin* amount of ]UA*eipitation incr(*ases as the load 
is r(*duced, owing to th(*. reduction in the A elocity of th^* air, so thiW. 
Avheii running on light loads, tin* ])roportion of fuel that, (*s('a])(\s 
unb’urnt is Au*ry large, and cavbonizal ion of the cyliinb*!* walls and 
pistons takes placi* Avith fdarming ra])idity. Owing to the v(‘i;y 
narrow range over Avhi(*h a mixture of ])araffin and an; is inflam- 
mable, ([ualitativi* goAerning is gut of the <pu*slion» hefnie it follows 
that the vaporizing tv])e of oi<4-engine is virtually drivim t#) rely *)n 
some^form or otlier of “hit^ ainl, miss’" govehiing. It is trin* that, 
in the marine oil-engines, (Quantitative governing is aliifost invariably 
em])loyed, but these engines are pVaetically always run at*or n(*ar 
their full load, and are onl}' throttled doAviffor very IpTef *])ei*iods. 
If run ior auA" length of time at •c# inuch^»re(^uced ld!id, they Avill 
soon carbonize up and give troubk*. 
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In all vaporizing oil-engines, owing partly to the pre-heating of 
the working fluid, and partly to the tendency f)f hydroctirbons of the 
pai-aHin series to detonate, only a very low compression ratio can he 
emplove<l, and henct; the efficiency is ahnornially low, as comjiared 
with a gas-engine, 'riie ratio ns\ially adopted is about :T5 : 1, giving 
an air standard efficiency of approximately 40 per cent. The limit 
of cou)pi-e,ssi(j^i is, of course, set by the t(“mpejature and pressure at 
which admixture of 2)araffi)i vajxmr and air will ignite S[)ontaneously. 

Carburation by pul\ erizatix)n alone, and without any addition 
of heat, 1ms svarc^dy — so far — beei'l found jmjctical, for the fuel 
cannot bx; so finely jjulverized in a cold condition, that it will not 
precipitate fdmost inimediately on Jeaving the s|u-aying chamber. 
It might lie possible in thiVease of *a very high-s]jeed engine, but. in 
tliis ease, there wo\d(l not be time for the fincd} -divided 2 >arti(d(‘s to 
burn 'eom])letel\’, so that what might be gained by the Kse of a 
higher edn'ijuession would be Irtst through retardexl and incomplete 
comlmstion. In general jiracticc*, it is usual to rely as much as 
possible u^jon ])ulve.rization. and to pni-heat’ the charge* as •.•! 2 )a)‘ingly 
as ]»ossil)le, and thus effect a kiml of compromise, in which the fuel 
is , 2 >artially vajxnized and jjartially pulverizx'd. In such cases, tin? 
mean suction temperature js kc'jd dowti to about 2.50" F.' allowing 
of a compression ratio of about :3'5 : 1 without serious risk qf 
ignition or unduly raj)id combustion. It has already beim ex- 
plained in an xairlier volume that the com^aessio]! ratio can be 
i-aised, and tlie temperature kv])t ilown, by the admission of water 
to the cylinder, in a finely-divided state, 'fhe w.iter, during the 
eoi'njxression stroke, is* ex'aixtVatetl and converted into slxaim, a 
<-ei-tain })ro 2 XHtion of the heat of com])ression being absorbed in 
oY(*rcoming ^lie latent heat of conversion, d'he jnesence of steam 
in the working Hiiitl reduces the efficiency slightly, owing to its 
high specific heat, but the gain in Vfficie.ncy (due to tin*- higher 
c(;imjiression ratio) more thaTi compensate.% for tin*, loss on this score. 
'I’he u.se of water is, however, to be avoided if 2 >ossible., for, if the 
whole xjf tl»e' waH*r lx* not c»tm])letf*ly evajxuated, it raity combine 
with the«»sulphui-, which is always jife.sent in the fuel, 1o fonii a 
corrosive acid, and, in any case, it is ^xc.eedingly detrimental t<) the 
|)iston lubrical^on. • 

c Internal Vaporization. - -'I’he foregoing ]*emarks refm- jui- 
niarily to thqse oigines'wlncii arxvmerely standard gas-engines, with 
the addition* of a 'x^.porizer wi* pulverizer outside the cylinder, 
'riierc is, however, awai-her ckss> of va 2 )orizing oil-engine in which 
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the fuel is admitted to the eyliuder iu the liquid form, and is vapor- 
ized after admission. In this (.‘use, the cylinder is provided with an 
uncooled head, or bull), to which the oil is fed and in which it 
vaj)orizes. This bulb is generally separated from the i-est of the 
cylinder by means of a restiicted neck; and, in some cases, is com- 
2)letely isolated by a \ alve fitted between the bulb and the cylindei’ 
proper. The capacit}* of the bulb is such that it eanuot tiontain 
suflicient air for the ignition of the fuel. Cold air is drawit into the 
cylinder through the inlet \^llyc, jn *tlie usual numner, and this air, 
during the compression stroke, is driven into’ tin! la’dl), where it 
, meets, and mi’ftis with, the viiporized.oil. At the end of the com- 
pression sti oke, the bulb contaius a mixf,nre of Asponr and air in the 
correct proportion, and this mixture is ignited cither Iry electric 
iguitioik or b}' the heat.of compri'ssion. Jn the latter case, w;liich is 
the more usind, the compivssion ratio ihuikt be so adjust^ed thiit the 
ignition t)em[)erature and pressui'e are not retudied until the end of 
the stroke, for the range of combustible mixture on the rich side, 
is not so narrow that tfie contents of the bulb cannot be ignited 
a considerable ])ei’iod befort' the end of the compression stroke. 

This, type of oil-engine has the •advantage over the external 
vajiorizing type in.that.the air is not heated before admission, and 
tlfiil,*thcrefor(‘, a larger charge can be taken into the cylinder, find a 
highci’ mean ])rcssuje cariiccl. If the bulb be completely isolated 
from the remainder of the c} lind(‘i-, by means of a timing valve, and 
communication established otily when the corapressioir stJoke has 
been completed, then it is clear that any rtaisonable compression 
ratio can be safely employed; but it is not easy to see, how a vahe 
which has to pass the winking fluid at the time of its maximum 
piessure and temperatuie, can be made to last and 'be kept tight. 

• There is yet anotlu'r svstem which seems to hold out a good deal 
of promise, namely, xapoyization under a pressure considerabl}' less 
than atmos})hcric. Even with !i ctan|)ai’atively small reduction* of 
jjrc'ssure, the temjjerature at whic-h the heavigi- fraetipns of paraffin 
will vaporize is substantial ly^rtkluced. In a four-cycle*engine it»is, 
of course, a simple matter so to arrange and .time tlx* ^ alve gear that 
the Vaporizer is kept under a*])artial vacuum. So fiy^' as the author 
is aware, thei'c is not 01' the majket, at the pi-esent moment, any 
oil-engine in whicli this system is adopted;, but he undejst»Hds that 
Messrs.# Broom & Wade, of Ilijfli W ytombe, at oi^e period coii- 
sti'ucted a number of engines using tjiis pjin'fiple, for tractors, and 
obtained very (Satisfactory results. * 


« 
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From all the foregoing eonsithirations, it is obvious that whatever 
be the type of vaporizing oil-engine employed, it is always a matter 
of vital necessity to maintain the vaporizer at an approximately uni- 
form tem])erature, in order to avoid “cracking” on the one hand 
and jiartial vaporization on the other. In those engines in which 
a va]jorizer is employed, tin* necessary h(‘at may be supplied either 
from a lamp of fi'om the exhaust fiom the engine. By the use of a 
lam]), it* is possible to maintain the vaporizer at practically any 
desired temperature, irres])eeti<e ,of th^ load on the engine, for the 
loss of heat’ in 6ver'coming the latent heat of the fuel is trifling in 
compai Lson with the loss by i;adiation< and the heat taken up l>y the, 
air ])assing through, lleiyie ibhe Avuiations in the quantity' of oil 
jiassing througli tlie vaporfzer with d-ifferhiit loads does not affect its 
tenqiej’ature to any ap])reeiable extent. ^Thy use. of a separate lamp, 
however, .ajlds considerably 'to th(“ coinjilication of the engine, and 
is. naturally, not in .hivour, especially since ]>aratiin blow' lamps are 
none too reliable at the best of times. 

'J'he alternative method is to heal, the vapoiizer by the exhaust 
ga.ses from .the cylinder, but here the ditlieiilty arises that the tem-^ 
]tefature of the gases varies according to the load, and especially is 
this the ease in engines goxVrning on the hit and miss” ])riuciple. 
This dirtieulty is generally met by the ]>rovision of a bye-]iass Valve, 
which' can be adjusted by hand, and which allows a (fcrtain ]»i-opor- 
tion of the jiroduets of combustion to jaiss direct to th'e silencer, 
Avithout travelling round the A-aj)oiizer, avIkmi the engine is running 
on full loaA. AYhcn lightly lomled, the bye-pass A'ylve is closed by 
hand, and the whole of the exhaust gases are e.omj)elled to ]»a.ss 
through or round the vaporizer. If the •vfqioiizei- be very heavily 
constructed, So th.at it has cojjsiderable thermal storage capacity, a 
toleifibly even temperature can be niaintained. 

In those engines in AAdiieh va]»ofization takes ])lace Avithin the 
eVlinder, or in the inlet-valve vhamb<*r, and iii which the necessary 
heat for vaporizjition ifi provided by the temperature of some uucooled 
portion of tfie cylinder or valve chan'iber, the problem of maintaining 
an eA cn fem|)eraturc is, still more difficult, for the thermal .stoiagc; 
cajiacity in this case is reduced by" tiie 'cylinder-jacket eirc.ulilting- 
AA'ater with which the jiarts muiit be more or less in eontac.t. In 
this ca.se, tli,ere is little yloubt that the bc.st method is to control the 
engine by ngian.s of the exllaust* A’alve, so that, when running rtn 
light loa<ls. tho govefnoi* holjls Vhe exhaust Audve, open during the 
suction stroke, and ffot exhau.st*ga.ses are drawn into the cylinder 
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in place of (iokl air. Alternatively tlie valve may be ke[)t closed 
throughout the cycle, so that the exhaust gases are alternately com- 
pressed and expanded. In eitli(*r (‘asc the tem])eraturc of the jacket 
can be maintained tohirably uniform. 

This, of course, is simjdy a modifi(Ml form of “hit and miss’' 
governing, in whicli the governor m.U on tlie exliaiist instead of on 
the gas valve, as in a gas-(mgine. In ordiu* to [)n;r(mt a charge 
of cold air, being drawn into the cylimler as \yell as thu exhaust 
gases, the air inh't valve is*usua]ly <iut()mati(*, in jts operation, and 
is loaded by a sufti^nently 2K)\ve*rfuf spring to prc^ cuit it’ftom o})ening 
^during tli(‘ suction strok(*s. vvhen the^exliaust \'ahe is open. Tliis 
methetd undoubtedly answer's. admirf11)L', for eygines governed in 
this manner are ge!ierally»abk,‘ to deal with varying loads without 
any attention to l)ye'pass valves. sucl) as i.^ gtmerallv required 
wlicn (•xha.ust“ljcat(‘d ^^^aporizers ai‘e usCfb ^lor(*o\ tM*, the ('ompai’a- 
tively (de^in running and clec'ir exhahst. at all loads, indicates that a 
faii'ly (‘ven* tempcuatui’e is being maintained. 

Efficiency. — As might be expei^ted from the limited (‘om- 
pression latio, the tlunanal (iflicieiK'V of va])oj'izing ojl-cujgines is. 
’ v(‘iy low. Tljc air standard ettichnny is generally oiijy alurntt 40 
]>er ('(‘lit, and the jiigli^ suction t(.*mperature, necessarily involving 
high ftemjiera I lives tliroughoiit the whoh* (‘Vcle, increases both the 
lieat loss and tlK‘ losses due to the increasing specilie lieal*of tlie 
working fluid at liigli tenq)(*rntures, with the result that the r(‘lative 
etiieicMiey s(ddoni (*X('ceds about GO *]ior cejit, ('orr(‘s|K>iJiliiig to an 
indi('ated tliei’inal (‘tti('ien('y of iM ])(n' vvnl. assuming *i)i‘rfect, and 
eomjilele eonibustion. which is vor5^ sehlohi olilaincd. The bt'ake 
thcMinal cfhci(*iic\^ also is: verv low, hccaiist* — 

I. The mean pi(‘ssnre is low^ owing to tlie low' eth(*ieney and the 
loss of volunu'trie. (‘Ilieiemy cine to pre-heating of tin* eliargt*; and 
l!. The jnveipitation tyid iiH'oinplete e(nnbiistion. that invariably 
o(',('ur to a greater or lesser degn‘e, result in guinmiiigof the piston- 
rings and impaired piston lubrii'ation. • ^ 

In order thoroughly tp atomize the fu(‘l, it is neej^ssary that 
the velo(‘ity of the incoming air shall he inereas(‘d (‘onsidin-ably, as 
eonfjjared with usual ])iaeti^e, and this results buih'in a loss of 
volumetric i‘ffici(‘n('y and a subs-ftintial incriaise in fluid ^jiumping 

during the siu'.tion stroke. • • • • 

# * » 

All these conditions reiict upifi/ th(‘ n^ch*inical eftit'iency, wdiicli 

seldom ex('eeds about 80 per brinifirjg the lirakc theilnal 
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efficiency down to about 19* per cent, as against 25 per cent that 
might be obtained with a gas- or j)ctrol-engiuc witli the same com- 
pression ratio. Ill practice, a brake thermal efficiency of even 
19 per cent is seldom if ever obtained from a vaporizing oil-engine, 
and 1(! ])er cent is a much more usual figure. 

The Ruston-Proctor Engine. Among the recent dc.signs 
of va]X)rizin,g»oil -engines, one of the most interesting is the .small 
engine lipcently brought out by Me.ssrs. Ruston-Pioctor, in respon.se 
to the demand for a .small, rt^ial)lc, atid cheap engine, and which 
is shown in 'fig,*.. Ki? and 1G8. 


'flic normal jaiwer is rated, at 5 brqke hor.se-powc*i-, when running, 



Fig. 11)7. — 'JMie Jiiiistoi^-i'ioctoi Vajion/Mig 


at a ,s]»ccd of 3G0 ll.l’.M.; the bore and stroke of the cylinder are 
ill. and !) i\\. i'(_vs|)(M*tiv(dy, and tin* normal jinwor ratiiii; is basc‘d 
on a brake mean pressui’t* of 51*7 lb. per sipiarc' iiieli. In t>en(\val 
d(‘sign, it folknvs aeeejited gas-enginV‘* piac-tiee as appJi(‘d to small 
en.gin(‘s. but the iiiteiesting fe;itnres li(‘ in the arrangiammts for tli(‘ 
admission, pulv(*rization, and vaporization of tlii‘ oil. On the liaek 
of,,tli(-^ ^'ylin^cer-lic^id a small bulb or jiorket is iilted. This bulb is 
unja(*k(*t(‘K, and, is maintained at a, suHicieiitly lii.i>h tmnjxu’ature 
to ensure vaporization, oj-, at least, 't^ji-jirevinit prt‘ei])itation o^'the 
oil, l)y the boaf of eombustion. Jn tin* sicb‘ of the bull) is fitted an 
ignition-pib(‘ of large* eajiae.ity, whieh roalh' forms an ext(*nsion of tin*, 
bulb. The m(*tal of this tu*’oe extends to a eonsid(‘rabh* JistancJe. 
from the wator‘jaeket,i.anV e.an olity gc*t rid of its heat by radiation. 

"After each combiJ;srton sti1>kt the ie^nition-tulx** is left full of 
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inert; exhaust gfis(\s, and, therefore, although its temperature is 
liigh, it cannot ignite the chargi^ in tlie cylinder until the end of 
tlie (compression, wljen tlic comhustible mixture has been driven 
back into it and r(‘aehes a point at whicli the temperature is 
sufficient to caus(^ ignition. It is obvious that to ensure ignition 
taking ])]aee at the right moment, the temj)erature gradient down 
the tul)e niu.'^t be carefully regulated. Siiuce the tube can only get 
rid of Ks li(‘at by* radiation, it follows that the tempejature (*an be 
regulated by eoiitrolling the a^nvunt oT radiation, and this is accom- 

])lislj(i3d by means of an 
adjustable, asbestos-linecj 
sleeve, which can be slid 
along the ignition-tube, 
,aii(l thus preveut. the loss 
•of heat fi-om a*' greater 
or lesser portion of it. 
44ie arrangements for 

# • fy • 

the aduiissioij of the fuel 
jue ])iuticuhirly interest; 
iu,£i. 'I'hc main ijiletvulve 
• is o^ieviitcd by means of 
idckin,i>' l(;v(“i’ frc'/m'the 
inlet Tliis lever, however, <lo'-.s not Ix'ar upon the A’alve stem, 
but uj)oii the inlet-valve sj)iin<>', so that, duriiiij, th(^ suetion stroke, 
;.he vaU’e*is''not jneehanieally opened, but is relieved of all sprijig 
pi’fssure. Thus it can o])en autojnatieally, nnl'inilered by any 
resistaiiee due to the spring, but is elosed at the eorreet i)eriod, so 
soon as the sju'ing is released by the earn. The eage surrounding 
the inlet valVe is made in the form of a Venturi tube, so that the 
air entering near the top shall pass dpwn between the e-age and-the 
inlet-valve, guide at an exeeedingly higlj velocity. The admission 
oY oil is controlled by a seeontl small coned valve, mounted loosely 
on the main ,inlet-val,ve sttmi. and lield up against its seat by means 
at' a light sjjring. as is usual in gas^-engine practie-e. This valve 
is operated by ‘means .of a small collar pinned to the valve stem, 
so that it is , opened when the inaiif valve is opened. * 

"I’he^objeet of the subsidiary»-s]»ring isTnerely to e.nsure that the 
]‘uel-eonitro)ling valve i^ seale.d when the main vahe is closed. The 
fuel is admil,ted through iieeiTte valve, shown at the side of the 
main valve in fig. 161), ahd jkiss^s down through a small hole drilled 
in the main-valve gn'ide to the fuel-valve seating. 'The operation is 
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as follows : When the main inlet valve is opened by the suction in the 
cylinder, air is diJiwn down through the Venturi at a high velocity; 
at the same time, the fuel valve is opened, admitting oil through 
the small hole in the vuIac guide. 'I’lic oil then jjasses over the 
conical fuel vahe, and on meeting with the air at the point of 
maximuni velocity, is Aery finely pulverized. The oil and air, the 
former in a finely atomized but not A-aporizi'd conditigfl, then enter 
the uncooled bulb in the cylinder- head. Owingi to the high tem- 
perature of the walls of this Itulb ny precipitation ca^i occur, and the 
particles of oil are held in suspension and partially 'faporized. The 
vaporization continues througjiout tin; compression stroke, and is 
probably more (»r less cftniplete, by thc.ond of it. Jt will be ob- 
served that in this engine-*— » * 

« • 

1. The ail" is not hcfiited before admi.ssion to the cylinder. • 

2. No attempt is mhde to vapo);ize tlie oil before admission to 

the oylindA;. • 

3. Ih^ery effort is ma<]e to pulverize the oil as finely as possible, 

by drawing the air jiast the oil inlet A’ah’c at the highest possible 
.velocity. • 

4. Precipitation of the finely atoiTiized particles of**oil is pre- 
vented by maintainkig the air at a very*liigh A’clocity, ami avoiding 
any aTirupt changes of velocity or direction until it lias enteri'd the 
<;vlind(‘r. 

* a 

5. Pr('ci])itatioii of x\w pnrtidos .of oil within tlie cylinder is 

avoided as far as jiossihh* hy pr(*ventin^- tlunn from eyiiifng inVd 
conta('t with cojlfd snrhices until j;fter thiw h;ivt‘ Ihmui at h;tist 
partinlly vaporized. donht a certain iimount of precipitation 

does o(*ciir on tlic walls df the cylinder hand and on the water- 
cooled sni’face of the coinhustion chamhc'r, hut it has^bc^eii avoided 
as faj* as it is jiossilile do so* , 

it is (.'l(‘ar that, in such an engine as this, a coin|j]‘omise 
he arrived at; foi- if the* area of iineooled surface he increased, the' 
degree*, of pr<*(‘i|)itation will he * reduced. On tlie othel* hand, the 
suction tennpcratiire will he* raised, involving the. use oi a leiwer 
e'.oni|ft:*ession ratio, tei a\e)fd 4[M.*-ignitK)n, witli reduexyl etticiene'y. 
The* exae*t area, an<l sha])?*. of une^jolcd surface which will give the 
best compromise hc‘twe*(*n the*se two e'emhictiiig conditions j*.an onl5^ 
1)5 fouii^ by trial and error, aiK? the*re# is no doub^ that Messrs. 
Kuston-Proctei)!- ha\'e^ satisfit*d themselves* upon thjs point. The 
e*ompression pressure employed in this engitu^ is 55 lb. per square 
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inch, corresponding to a compression ratio of about 3‘53 : 1, and 
giving an air standard efficiency of 40 per cent. The fuel con- 
sumption is given as 073 lb. jjer B.U.P. hour, corresponding to a 
brake thermal efficiency of 18 '2 per cent, which is an excellent 
result for so simdl an engine of this typed The leading dimensions 
of this engine are as follows: — 


Bore 

6 0 in. 

Sti-ok? ... . .*. 

1 ) in. 

Number of cyliiiders ... .V ^ ...* 

1. 

Piston arcil « ...• ... • ... 

S(p in. 

Swc‘pt volume ... 

298 S ^u. ill. 

Compression ratio «... 

;V5:i:L . 

Maximum ^ ••• *■ * 

7. 

R.P.M ... -.. • ... 

mi 

Piston s])ue(l ... ... ... ... 

* 540 ft. p(‘r mi 4,11 te. 

Brake mean pressure (jyy>l * ... ... ..* 

51 7 lb. per sipiftre inch. 

Diameter of inlet valve ’ ..f 

2 25 ill. ^ 

Lift of inlet valve * 

o;uin. 

Etleetive area of openin;;' ... ^ ... 

2 4 SIJ. in. 

])ianieti*r of exhaust val\’(‘ 

J ■875 in. 

Li ft of (‘xJiaust valve ... 

do in. 

•Etleeti \'e ^ rea of openin o- ^ . 

2’7(i s(]. in ^ 

Ratio, piston area to inlet-\>ilve area ... . 

BkS.l. 

Weight of piston 

lb. , . 

Wid^lit of connectin<;-r(vl 

2.S lb. 

Weight of reciproeatine- p.-irts ... 

:16 11). 

tt 

Weight of reeijiroeatino- parts per sfpiare inch 
of j)i?'.tofi area 

J -J 85 Ik 


' The l)rake tliermal f-fficienc'y of this engine is ]*8'2 pin' cent, and 
the mechanical efficiency is cstinialed by the makt'rs to be 78 per 


cemt, giving hn indicated thermal efficiency of x 18'2 = 23':! 


per cent, and a relative efficiency of hbout 58 ]»er ci'iit. 

I Qualitative governing, th!\t, is to so}’*, gcivcnniiig by controlling 
• the! quantity of fuel at each stroke', Ictaviug the air unrestricted, is 
opt of the »(|uest*ion ‘111 such an engine as this, whei'c there is no 
proN ision* for stratification, and is, ii*. any ease, especially difficult 
because theg'ange of mixture of ])avaljiii.vapour and air, over which 
com])lete combustion can take place, is ])»rticular]y Jiarrow. More- 
ftver, tlfis system of governing, even if it were feasible, w'ould not 
solve the problem of mainl,aMiing,a uniform temperature. ^ 

The meth'od adopted, in thf.p* and in many other such engines, 

f I f • * ^ • 

^ The* lowHr effrftivi* caiorific vahu* of parafliii is taktTi as B T.U.s pt‘r jM>und. 
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is to control the speed, either by holding the exhaust valve open 
or closed. Of the two, it is, perliaps, preferable to hold it (;]osed 
rather than open. The highly licated exhaust gases sir(‘. then alter- 
nately ciompressed and I'xpanded in the eylinder, and tlius serve to 
maintain the temperature approximately unifonn. It i.s obvious 
that, during this period, the inlet Aalve must remain closed, or air 
and fu(!i will be drawn into the cylinder as well as exhaust gases. 
As a general rule, the inlet valve is not mec'hanieally operated, but 
is fitted with a light spring, of sufficient .strength to prevent the 
valve from opening when not r(>quired.. This iiietlmd,- liowever, is 
oj)cn to two objections : — 

1. Tile iietioii ol the vulve" i^^very fjo^y, ailtoruatic.spriiio-Jomlcd 

valves liaviiig a teialeiicy to flutter, tlius .^ettiug up a very disagree- 
able uois^e. ' • 

2. I'll order to oiisuve tlie s alve closing at the correct time tlie 
spring luimt be fairly stiff, and this causes consi^lerablc wire-drawing, 
and loss of volnnudric'^ efficiency. 

c * r. 

In the Huston -Ihoctor engine the valve is operated partly 

•mechanically and ]»arll 3 * automati<-allv. as already explained. ,A 

, stiff spring is usi'd, and the. sj)ring tfitision relieved during the 

suejticyi sti-<*ke. to obVinte wire-di-awing, but released again meehaui- 

(tally at the correct moment to ensure rapid elosiug. This method 

^irovides the advantages of the. meehaiiit'allv operated A'alve, aud at 

tin' same time allows the valve to ixanain so.itcd whih; the eneine 

• ^ 

is govci'iiing. 

The Campbell Engine. — The (.'ampbell Gas-engiue (Vnn- 
])any. of Halifax, havt' for iiiaiiv vears been constructing vaporizing 
oil-engines, not ((id}- in small but also in quite large, sizes, 'fhat 
therc^ can be any fntmai foi- huge engines of this t^'pe .seems unlikely 
in face of th«i eompetition frotn. the much moi'e efficient Diesel aud 
semi- Diesel ('iigint's. Tht*. large Aiqjoriziiig oil-engines were, i]o 
doubt, designed and introduced at ii time when the* .senii-DiesoD 
engine was unknown, and their manufacture Gvil), in'tJie author’.s 
opinion, be <liseontiuu('d as .seifm as llie public have gaiued.?sufficient 
confid('nec in the higb-conqn'essum t\ pe. 

The, (Janq)bell engine, is built in sizes up to 7*0 B.TI.P. per 
cylindo)', and the following data ^liave been tak('n from '■'a twin- 
cylindeiMUigine »leveloping 140 IkJI. P.^when running aPa speed of 
180 P.P.IM. In general principle •*t.lie o]»i*ratjon of ’the (,'ampbell 
engine is .similai; to lliat of the ll.u^<tMi-Pro(4oi'. Tn both eases the 
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engines arc governed on the/exhaust valve, and the fuel is admitted 
iinuiediatel}' behind the main inlet valve, without any pre-heating 
of tlie air, to an imeoolcd (diainber forming an extension of the com- 
l)U.stion c]iaml)or. In the Campbell engine, liowcvcu*, tlie main inlet 
valve is entirely automatic in its action; also, then* is no separate, 
fuel valve, but the fuel is led to a numb(*r of small holes drilled in 
tlie seating of the main inlet valve. i>v this means the (Mitering air 
is drawn at a high vel(j(;ity past the oil-admission lioles, thoroughly 
pulvei’izing the oil. In (*tfe(*t,1he twiisystmns are similar, but the 
Ruston-Prcictoi; sj^teni of -usin^ a •small supplementaiy valve to 



, Fig, 170.— (’i Owsley Farm Oil-ciigiiu*, .small 

control tlic oil admission appeals to tlic aiillior as Ijeinij; the more 
in/'clianical ajaan^cment of the two. In all other res]»eets the 
(.'am}»hell vaporizing oil-en,uine,.s resemble the ^as and semi-J)iesel 
engines made by this tirin. ■ , • 

Crossley ()il-engine. Mc'ssrs. Ci'ossley Brothers, of Op(>n- 
• shaw, ^laneh’eslei', h;i\ e for many years beem e(mstriie,tin,i>' vaporizing 
oil-engines j]p to<piitt; laige. powers, During r(*eent years, however, 
ifie sueeei's of the semi-Diesel typ»' bn* It by this firm has led to the. 
abandonment of' the vaporizing tyi)e. exee^it for small ])owers. J’hey 
are now ma(l(**ln two dislinet models, the, design used for powers up 
V* 52 Bdl.B. having an overhuilg eylind(*r and no liner, as in the 
I’ustoii-i’rdetor engine.' Fr«m 5,1 B.H. I*, upwards, all tlu'^ eiighifs 
are built witlf the (;}'lind<M--)aek»»t.integral with the. main frames, and 
with a separate e.ylintlo" linei'.and eombu.stion-head, as in the usual 
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gas-engine practice. This construction is, of course, more expensive 
tlian tlie overliung cylinder, but it provides a far moi*e rigid struc- 
ture, and certainly makes for smootli and silent running. 

In tig. 170 is sliown a pbotograph of the smaller type, and in 
fig. 171 of the largCi*. In so far as the adjiiission and vaporization 
of the fuel are conceriKMl both ty])es are identical, and lioth resemble 
tlu‘. Uuston-Pj-octor in all essential featui'es. In tig. 17::^ is shown a 
section through the vaporizer and a<lmissi()n valve, from wliieh it 
will be seen that it dillei-s J)ut little from tlie Ibistoii-Jhoctor 



arranu'(*nient. In ])oth cas(‘s the* oil is admitted at a. point Aery 
n(*ar the main inh*t-val ve *i)orl ; and, in both eaM\s also, the luel 
inlet A'ah(' is a sej)arate jheca' fitted ]oos(‘ly ovei- tln^ main A'al\(* 
st(Mn, and ojKU’ated bva collar ‘Un that st(*in. A small |)oi‘tion ol tin' 
combustion chamber is left 'Jinja('k(*ted, and the same ty])c of ignilion- 
tulx* is iMll[)loyed. 

On closei’ examination, liowever, it Avill bt‘ noti *.ed that one vtay 
important feature in the llusion-Proctor enuiiu' is absent in thiA 
case, iiamelv, the careful sha]>ing ol th(' inh't ]iassag'e to a^’oid any 
change of din'ction oi* v(»loj;ity. ' in the (h’ossley engini^ the ])assagi‘ 
for the air is i‘cstri(*ted around the tuel-a<lniission valve, but this^ 
restriction is pmvlv local, and ojM*ns out^into^'a ehamb(*i‘ rJ* (s-uisidei‘- 
able capacity immediattdy above the jifiet-valvc heads. (Jonsetjuently, 
the air will pass the fuel valve at a /ligh A'ef(r;ify ; but, immediately 
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after, the velocity will be reduced, aud then suddenly accelerated 
again tlirougli the nuiin valve. This, in the author’s opinion, may 
cause violent eddying, and may tend to precipitation of the particles 
of the oil on the valve chamber, unless, as is probably the case, the 
temperature of the chamber (at this point) is too high for such 
precipitation to occur. In any case, (eddying would permit the 
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limilv-divided parti(des of jKiraflin It coalesce again, anti must be 
somewhat detrimeiital to the atomization. 

.\s in the ('ampbtdl oil-engine, the main inlet valve is operated 
automatio'Jly, a.'id is therefore provided with a light spring. This 
spring ("'11 be adjusted b}’ means of milled nut, shown in section, 
and the lift of iiotli the main aud fuel valves controlled thereby. 
'Phe engine i,s‘ governed on the exhaust vahe liy means of an inertia 
govermn’. I'he valve is operated through the medium of a pecker- 
rod, which eitlier hits or misses it, so that wlien the speed is^in 
excess the p.M-ker misses altogether and the valve remains closed, 
tlie exhaust gases hebig retained in tlic cylinder, and alternately 
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The leading dimensions of the 
are as follows: — 

Boil* 

Stroke ... 

Number of cylinders ... 

Piston aroM 
Swept \olnmo .. 

MaximiinV RH.P. 

KVM ... 

Piston speed , ... ... - ^ 

Prake mean pressiire 


8-B.H.P. Crossley oil-engine 

(i in. 

... Hill. 

... 1 .* 

... 2S-2() s(p in. 

... Hll cu. in. 

... 8 . 

. . . 840. 

... 1)24 ft. per minute. 

... ()() Jl). per square inch. 


The brake mean pressure, GO Jl^ ‘[hm- square imdi, is soinewliat 
high for an engine of tJife class, and this is doubtless due to the 
jsinall amount of ‘Lincooled surface, and therefore the low suction 
t(unp6ralure, as (‘-oihpaied v.dth most other* tabcMigines of the* same 
type. No data are* available fi-oin which any (*stiniate of the 
‘mechaiiicjal <*l}icien(*v ('an lie obtained, noi’ do the nia.k(*a'S state 
tin*- coinpr(*.ssion ratio oi* pr(*ssure« eiiqilbved, so that it is ntit 
possibh* to investigati* the working of the engine. The follow- 
ing- tia'nri*s* are statec.! by tln^ makers to be tin* b(‘st t(‘st results' 
<»l)taiued, and an* about ^0 jxt (.•cut bejttor ^tliau they ui’c 2 )i'C- 
pared to nuaraiitee : — ■ • 


Load. 

S 

Cl 

4 


Vuv\ .•.msumi.Uoii 

( 111 . Jil l 11.11. 1’ liimr). 

0’H8 .... 1.5-0 j)cr i-ciit. 

l-O.'! l2-!t 

l-.'VI lO-O 


The large dio]j in tin* brake lh(*rma,l i^ttie-ieney l.xdween full and 
hadf load suggests that the metdianieal (^Iticieucy is unusually low. 
In oi‘d(‘r to make the* indieateej ilmrinal (ittiei(*ney e-onstant at ‘all 
loads, which is what, at first sight, it woujd app(*ar to )>e. witli this 
system of g(iV(‘i'ning, the mechanical elfici(*n(*,y on full load would 
nave to be le-^s than 70 ])(*j' cent, which is veiy improbable. Con- 
sidering tin* low piston speed and higl,* nnvui pr(‘ssnr( 3 s, tlieiv seems 
little reason why the inc/dianieal effieh'iK'-y should l)e less than 80 per 
(‘.(;nt. A ])ossi^ble exjdauation is that it is at l(*.ast 80 pen- cent, 
and that the indi(3ated (‘tfie-ieinW'. falls with the load, because, while 
the engine is governing, and the exhaust gases are alternat(*ly (*-oni- 
pi'essed and (*^panded, tjiey ar(M()sing h(*.a.t, and at the same time 
there is a eertaki loss by deakageg Thus, at the end of each oxpan- 
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sion stroke the inlet vtilvc 
opens slightlj'and acertain 
amount of fuel is taken 
into the cylinder, but in 
such small quajitities that 
it is excessively diluted 
with exhaust products, 
and cannot^ be utilized. 
This, of eoui'st‘, is pure 
conjecture, but it seems 
very probable tl^at sorac*- 
Ihing «f this kind would 
occur, and it would (vi*- 
tainly explain the rapid 
drop iiutlie brake thermal 
ctticii'iicy. ^If tJiis is really 
th(» case it' (*ou]d prob- 
ably be obviatc'd by llu^ 
simple expedient of in- 
Vreasiug the amount of 
lost motion between llie 
maiujiind fuel inlet vahes, 
so that th(' former (H)nld 
open slightly without 
opening the find vahe, 
and Avithout loss of Jiiel. 

The Gardfter En- 
gine.- -Messis. L. Gardner 
& Sons, of Patricroft, 

Manchester, have foj* main' 

■ 

years bc^m building vapoj' 
izing oil-engines for boiR 
marine and statioiiaiT 
work. TJie maiiiie eii- 
giiu's are all of tin' ver- 
ti(*-al • enclos('d high - spec'd* 
type. The stationary v\p- 
gines are of tin* liorizontal 
type, a^id are similar to 
the gas-engines built by 
the same firm. . 



Fijf. 174.-*Oaraiu*i Oil-cngiiiC 
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The Gardnei* oil-engines dift'er fron\ those ulready desciil)ed in 
several important respeets: — 

1. The bulk of the air enters tlie (*vlinder direct throuoh the 
main inlet v^dv(^ i\dthout being mixed Avitli the fuel, and without 
coining into contact witli any uncooled jmrt, so that it is not heatiMi 
previous to (*oinpression. Consequently, a gr(‘atev weight of air can 
])e taken in per cycle, an<l the voluinetih* (‘IHciimcy is ;fol intei rered 
with. • • • 


2. This (‘iigiiK' does not goyma-j <rii the (‘xhaiist# but relies upun 



“hit and miss " govei’iiing oiuthe fvel only. Conseqwently, means 
have to be [irovided for m:Aintaining the tmnpei'atuivMir tlie,uneool<Ml 
parts when running on light loads. \ For this piirpo.^fe a s(‘paiate^ 
lamp is employed, and kejit burning duiing. tle*^ whole lime that 
th(‘. engine is lainning, unlegs the lr>ad is nearly full, and (juife 
consyiiit, in wliiih (‘ase tlu‘Jamp may 1 k‘ dispensed Aath. 

In tig. L7^ are shown s(vtional drawings of Th»^ 1 8-B.ll.P. 
Gardner oil-engine, and in tig. 175 a [ihotograjili of tBc^ sann*. 
Fig. 17(i is a s(‘ctional drawing sli#)wing jthe oil-feed ainf va])orizing 
arrangements^ The oil is fed to th^ vajioijzeii by m^i^uis of a small 
plungor-])umi>, whose primai-y funcfioli it is*t^ measm-e out iv^acfly 
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the correct proportion of oif for each cycle. The leading dimensions 
of the 18-B.H.r. Gardner oil-engine are as follows: — 


Bore 

Stroke ... 

Xuiiiher of cylinders ... 

Piston area 
Swept Yt)lume ... 

Coniprossion ratio 
Maxiinuiii Ij.hI^P. ... ^ ... 

R.P.M.,...^’ 

Piston spee<l ..." .... 

Brake mean pressure ... 

Diameter lof air-inlet va^i/e port • 

Lift of air-inlet vidve ... • 

Effective area 6f opening ... . . 

Diameter of fuel-inlet valve port ... 

Lift'of fuel-mlet valve * «... 

Efiecti ve area of ‘opening 

Diameter of exhaust- valve port , ... * .. 

Lift of exhaust valvt* ... 

Effe(*tive area of opening 
• Ratio, piston area to combined inlet area 
Weight of piston . . .• ... ... „ . . 

* Weight of connecting-rod 
\yeight of reciprocating parts 
Weight of reciprocating parts per square inch 
of •piston ... ... .... 


8 5 in. 

1<G in. 

1 . 

r)7 sq. in. 

912 cu. in. 

: 1 . . 

18. 

240. 

ft40^ft. i)er minute. 

()o A). pi‘r square inelif 
2 in. 

0*5 in. 

314 sq. in. 

1 in. * 

0 20 in. , 

0 785 S(j. in. 

2 o in. » 

0 025 in. 

4\92 S(|. in. , 

14-5:1. 

.^7 ]b. 

87 lb. • 

76 lb. 

• 

lb. 


The iiiu.'it Ktiikiiif’’ |eature of the above figures «j.s the higli brake 
mean j)re.ssure of Go lb. ]ter stjuare in(;h. whieh i.s an c.xeeptionally 
good result for .such an engine, and is flue, no doubt, to the fact 
that the bulk of the air escapes heating until after tJ)(! end of tlie 
suction .stroke. , , * 

The following results aic, given by tin* makers as the best figure.^ 
for fuel consumption and elt''‘eicncy that they have obtained on a 
te.st of one of the.se enirines: — 


ja 9^ 1 (r..H.y.). 

Fuel (.'onsiiiniitHiTi f, ,, , . 

(11.. iKT J •'■fte'ency- 


tr70r> • 

1 8 S per cent. 

^3-.1 

0-750 ^ 

17-7 •„ 

9 

0-83b' 

ir>s „ 

. 4 -5 

• M42 

n-7 „ 

0,. ... 

• 2 ’25 (total per hour) 

i 


Tke.se results are* sfiperior'to any that have been obtained from 
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the engines previously dcseribecl, hut flint is exactly what would be 
expected from the higher mean pressure, and (*.onipression ratios that 
('.an be employed. 'rii(‘. mechaui(ial efticiene.y of this engine is not 
stated, but by ('.alculation the figure ai-rived at is 83 per cent. If 
this figure be taken, t 11 the. insults IxM'omi*: - 



*. H 1*. 

l.H.l*. 

Mochaiiical 

KllicuMjey. 

TiidiesiToil 

'I'hcriniil 

Kllicioiicy. 




T'ei- coni, i 

t- 

l*t*V CCAt 


IS 

2*1-4 

! 

'2'2-7m 


Vir> 

17-2 

7s-r) ! 



[) 

12-7 

71 ^ 

22'2 


4 



. 21-.S 


0 

3-7 . 

1 ^ I 

! “V ' 

2U1 


•. — 

■ — •- •' 

• 1 




With an (‘uuine sneh as tliis, using “liil iind miss ’’ govVrning 
on the fW*l, the indic'.atcd thermal •(tlii'ieiK'y iiiiglit 1 k‘ hxpeeted to 
j‘(‘main nearly ('onstant at all loads, and it is (‘vident that the figure 
taken fift* tJu* nua'hanicai' elli(‘i(5ne.y cannot Ix^ vmy wide oi’ tin* mark. 
'Ih(‘. air-standard (‘fhehnu'y is apprcjxiniatcty 4l2 ])er (.*ent, and the 
relativ(i^etK('ien(*.y f)G*2 jxn* ('.ent. Tlie^act ual l)rak(‘ th(‘rmal etheuyicy 
of this (*ngin(‘ is fairly, Jiigh, but it ispolitained at the ex}xmsc of 
a •(‘-onsid(‘ral)l(‘ amount of extra ('onipli(‘ati<>n as compared with the 
( Vossley, ltustoii-Pr(x*tor, and (\mi])lxill (mgiiu's. Also, the tem- 
peiaturi* T_)f tin* va]K.)rizing surfaei‘s is not automati(‘alJy maintained, 
but re(|uii*es tlie use* of ext.ernal liCating, which must* be applied^ 
judiciously. But in this connection it must lx‘ a(fe4iitt(‘d that 
Messrs, (hirdner liave siK'cccshxl in* pimlur'ing a remai’kably f^atis 
fac'tory and reliable pan/fhn-burner, which rec(uires llu* minimum 
of atktmticni. Again, tlie liigher cc)m[)i‘(‘ssion r»itio employed 
ngc'cssitates the* use of water injection on full load, wlncJi is 
not a ven-v desirable leatum If is, oj’ course*, a matt 1 * 1 - which 
tJie makers alone*, can deride* as to, whether the* extra cctmjilk'ation 
involved in suc'h a systlTru is justih*c*d by the* highei’ eHicieney cm* 
not. • * • ' • 

Gardnei’ oil-engines havf Ic.mg sinc'c estal)lislK*d foi:^ themselves 
an ftx(*.ellc*.nt reputation foi- rijliability iind c**tHcienc.y, tlianks to their 
exc'.ollent wofkmanship ■and the ^earc*ful and conscV‘j^ous testing 
whic'h c*very engine unclcrgcx's. • ^ • 

• Hornsby-Ackroyd Engine, dy the ilornsby-'AcL'oyd cfd- 
engine, and. many others of the** /aim* t^pe, a scnTft*wliat different 
jirincuple is employed. In tlic'se tmgines tlfc? ^^ombustiem c*luvnbfr is 
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divided into two compartments, se})ar/itod from one another by a 
narrow restricted neck. The outer compartiiKUit is in tlu* form of 
a plain bulb, whicli is ('ither partial!}' oi- entirely unjacketed, while 
the other compartment is com])letely jacki^ted and contains both 
the air-inlet and exhaust valves. 'Idie cycle of operations is approxi- 
mately as follows. 

Beginnini>'^ with the suction sti'okc', (*old air alone is di’awn in 
through, the ])iain yilet val\e. At the same tinu* ])arat}vi in a liquid 
form is s])rayed,, bv means of ^a ^force-^mmj), into the heated Imlb, 
which is leftf full oi^ r/vsidual' exhaust products. J)uring the snctioji 
stroke the pai’attin is vfiporized b\' the heal from ti'ic bulb and the 
hot jcsidnal exhaust ghses, Juil, owing*to the reslricteil n(*ck, jt does 
not come into contact willf the air in ihr c\}indei*. At the end of 
the suctio]) strok(^ *rhe (ylinchn* ])ro]HM- is filled with neajly piir(*, air, 
and tlie biilb with ])aratHn Vapoin and (‘xh.‘ni^t gas(‘s. During the 
compression stroke J.iie air* in *the cylinder is driven tlis’ough the 
restiicted neck into tin* hot bulb, wlna’c' it niix<‘s with thi‘ parallin 
vapour. Idiiiing th(‘ greater poitioidof the i'onjj)r(‘ssion sti^)ke, and 
until quite near the end, the (juantity ol* aii' that has entmed the 
bulb is insijfiicient to j)ermit, of c(»mbnstion, and it is only during 
the last portion of the Ci)mj)ression sti-(c*kc ^Iiat a, (*ombustil)le 
mixture is formed. At the extreune (uid of tlu* (*ompifssion 
stroke. the contcnt> of tlu‘ bulb are in the (*orr(‘ct ])]‘o])ortion for 
combustion, and ignition taki‘> jnai'c })arll\’ from ‘the heat 
and prc>stfrc* of comj)i'e^sion \ind ])artly I’roni tin* h(‘at of the 

Jt woidd a])])ear tUfO in thfs s\'sl(*m the at'tual time^of ignition 
w’ould de[)end u])on V(*iy delicat<‘ ])ro]H»rti(,jniiig, not only of the siz(* 
of#th(; bull), but also of the (‘xacl quantity of oil admitt'*d. and 
the exac't tmnjjciature of th(‘ walls. Eojtuj)at(‘l\', howawej'. pai-atfin 
— w'ith all its A’ices as a i’u(*l- has (fni' go(al feature, namely, that 
the tem])erature of ignition is hii-gely de[)eiident u])on th(* ])r(\ssurc 
t/f coni])ression, so that even though th(‘ 'temperatiin^ of the con- 
tents of the* ])ulld remained constairt, the ])oint of ignition might 
be deterimaed by the coni])ression ifi*c‘ssure alone. The degree 
of coinjuvssmn does, of course*, rerqifii'i*/ (jareful adjustment, ‘and 
is dependerru' upon the exact gi^ade of fliel which 'th(‘ engine is 
uMng: but iieithoi* tin*, uncooled surface of tin* bulb noj* the 
quantity of tln^ fuel requir’d a ()cp;j'(*e c)f aeeuiacy of adjKstiiioiil 
that is not ea.^Iy obtaihable a coniimTcial (‘n!»itie. For the 
adjlistment of" the rljifij)res,siAn an oj)ening is jiiT)vided in the 
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water -jacketed portion of the combustion space into whicli ])lugs 
of vai’ious lengths can l)c fitted, until the reepnsite coinpi-ession 
ratio is obtained. 

A very curious hsMture of the lIornsl)y, and otlier engines of 
tliis class, is that it is possible to vary the. loads ovei‘ a very con- 
sidei’able range by cpialitative governing. This is no doubt due 
in a great measure to the stratificatioji which the hot Ijidb provides, 
and it is ]n*ol)abl(‘ that the vsanie engine, rmi as y. gasauigiiiOj could 
b(» made to gov(U‘n on the ^jnalitjit^e system o\yr a wide range*, 
of load. AVitli an Y>il-en,ui^a‘ such as this, howtfrerf it*it^ very sur- 
prising that (|U?^itativ(* gov(*rning should be ])Ossible, )M*(*ansc: 

1 . At liglit Inads the tein]V>]*atnre of the biHb will fall owing 

to the lowei- tt‘mp(*J‘at nj<‘s : Tind*>in('(‘ tin* h(*atof tin* bulb is largrly 
relied u^on to ignite*, tlw* (*harge, it is rcaseniablo to sn])])OS(‘ citln*!* 
that it will not igniU* >fc on light loads yf all 01* that, on’liill loael, 
it will ligRt prematuj’cly. *•» » 

2 . If the cJnirge* of oil admitt»*d to the bidb at each cveh* is 

• ' ^ * ... 
varied, it is clear that tin* point at which sulticicmt air has ent(*red 

Jto ('liable (‘onibfistion to take* plact' will also vary. • 

ft ft * • 

Presumably tliesj? twp (*onditions to >onn‘ exh'iit coiint('rai*t one 
anolh<*r: so that on light, loads, allhoiigh tin* bull) i.s (*oldcr/ tin* 
inixturt' contains ^utlicii'nl air for combustioji at an i*ai‘lier ])(‘i*iod in 
the strok('*and jirobably do(‘s in fact '^tarl to burn (‘ai-li(‘i-, but ('wing 
to till' 1'ui‘ther addition of rclali\(‘ly coid air and tin* ^)r(^ejn*(' of a. ^ 
greater ]n'o]Jortion of exhau.^t products in ri'lation to tin* fuel, c^un- 
bustion is di'laycd and the rise' of* jut'ssurg (*om])aratively slow. 

It is usual for prolonged .lainning on light load to appl\’ external 
heat to/hc bidb. The actual govi'rning of tin* t'ngwn* is (‘Ifccif'd 
iSiiiiply bv allowing a certain ]»]‘op(»rlion oi* the oil from^tln' oil-])unip 
to ])a.ss back into the I'uel tank.* 

Little data ajipcars to be availidih* as to tin* actual ri'sults 
obtaiiK'd from Hornsby i^gincs. although a vi*rv large nuin]>ei' oP 
such engines have bei'ii built, ainl are in succi*.ssturoj)enrt:ion. '^Jests , 
carrii'd out on a Jliuiisby (Til -engine by the Royal A-gricultural 
Society at Gambridgi* in tS9|t wicldiMl the followino- vesults:- 

Bore in. 

Stroke *'‘>in. 

Maximum B.H.P. ^ 

Fuel consiMii])tion (pounds [)er B.ll^*. hourf lb. 

Brake thermal efficiency ... - T •14-4 pef cent. 
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111 1898 Professor Ttobfnsoii tested a 25 horse-power Hornsby 
oil-engine with th(‘ following results; — 


hJore 

Stroke ... 

K.P.3J 

l*iston speed 
JMaxiiiiiifn Il.H.P. 

Bifjke nieiin pivssure 
Compression ratio ... 
Meehanica] eiti^jeiicy .... 

Mean pressuiv 

Fuel consumption Jpounds.per B. 
Brake tboniiabetHciency. 
Indicated tliernad etlicie'ncv ... 


14-.‘) in. 

17 in. 

20;i. 

... 57() ft. per minute. 

2()-74. 

... 117 '2 1 b. per square inch. 

... 

• ... ... <S4‘5. 

... <4 lb. sfjuarc inch. 

fl.R liour) O-7-^ll). , 

• # 

, • . ... 1 per cent. 

. ...• 21 2 per cent. 


'f'liis latter ayipcar.-^ to the best re.snjt of any puhlisheil test, 
lint it is clearly veyy out of dfite. and yiie.'^nrnalily .Mes.s*;s. Hornsby 
have been able to iinyirove the elticiency of their eucines .since 
that time. The itican c'ffective pn'ssnre in botli c.-ises is'xery low, 
and in anotlu'r test, canied out hv Pi'ofc.-.sor ('ajiper on an 8 hor.se- 
yiewer Jhnusby enjiino. a m(;an pre.ssur<‘ of only 2S h Ih. per .stjnarc 
inch was obtained at fidl«load. the brakg thcyinal efticiency being 
only 14 per cent, and the indicated elhciency only 17'3 pee cent. 
It weuld appear at lir.st sight that engines of the. Hornsby txyie 
.should yield a fairly high im-aii prc.s.surc bcc.au.se: 

, 1. 'Onj incoiuiug air is not heated. 

; 2. It is not neccs.sar\' to ^rc.strict the area. of»tlie iulet port iu 
order to obtain a, high velocity for the atomization the oil. 


• It .sccjus •probable tliat the mean jiressure is limited hy tin* fact 
that iu such engines oidy tlje air actually contained in the, hot 
bulb c;m be carbonized and burnedt and that the reniaining air in 
tlu' cyliudci; lemaiiis inert. H’ this were the ratse, however, a A’cry 
high relative cIlicieTicy might jeasouably 'lie expected. In l*rofessor 
Kohinson’, s' te,st.s' the' indicated (‘flieiency was only 21-9 per cent, 
with an Vir-stand.ard efficiency of ]iei- cent, (mre.sjionding to 

a relative efficienev of only 5:y:) 'piir (‘cut. ' 

It is TTiach to be regretted t*hat. .so little information is .aviiilable 
'tis to ,t[je performances of Hornsby oil-engines, becau.se the system 
is an extremely intercstiiif* oin*! It is particularly intei^jstiug ‘in 
view of the recent sraceVss of .semi-Diesel type of, engine, which 
is* bipt a verj .slight? ffiodilictltion of tin; original Hornsby-Ackroyd 
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engine. In fact, the possibility of o]Thmting upon the semi-Diesel 
cycle is actually suggested and outlined in one of the patent specifi- 
cations covering this engine, but does not appear to have been 
followed up. , 

The National Oil-engine. --The National oil-engine, built 
by the National Gas Company of Ashton-uuder-Lyne, near jVlan- 
cluister, is a comparatively ivcent design, and is evitjeutly inspired 
by the Hornsby -Ac.kroyd principle. The g(!iw;ral desig^i of the 
engine is shown in fig. 17?, froiy ftdjich it will })e seen that the 
usual standard ga.Yengine practice is aVlhercd* ft). ' Th'e* cylinder is 
jiartly overhung and partly ejubedded^ in the main frame, a feature 
wbicli* is coniraon to all Naliopal eilgi;ics of the hprizontal type. 
'I'he peculiar feature (5f this engine lies *iu thp arrangement of the 
vapoi'izsr and method f^)f ignition, .shown in fig\ 178. The combu.s- 
tion chajnber is madc»in the form of’a*long horizontal cube, the 

« » 3 ^ '■f ^ 

poitidn near the cylinder being parallel and, watei-jaekcted, am^ 
the farther portion conical and unjacketed. At the (ixtreme end 
of this Chamber a .sinalT igniter is fitted, consisting of an internal 
open-ended Uibe. This tube e.vtends nearly aero.ss,thc narrow 
end of ,the vaporizer. Immediately, below the opt'u ,end of *the 
ignition tube is <a .cored passages leading back to the cylinder, as 
silowAi in the section. The piston is provided with a projecting 
piec(', of smaller diannder than the eylindei-, which fits ’into a 
connterbdrc fornn'd in the cylindik-al part of the c.oinbustion 
chamber. 'Pin- action appears to be as follows. * ' . 

During the. suctifui .stroke, pure air is taken into ?he cylinder 
through thy main inlet valve, which is placed near the open end 
of the combustion ehamher. At tin* same time, oil find air are 
dranj^ /into the unjacketed portion ol the chamber.' During the 
eaj'ly part of the eompre.ssion stroke the oil in the unja<;keted 
portion is A’a])orized, but has’ not sufii(;ie.nt air for cfimbustioii. 

As the (foinprcssiou proceeds, fiir is driven along the paraHel 
portion of the combustion' chamber tiiwards the oil vapour .situated 
at the end; but, owing to the 'formation of this chamlfer, tin; gfwes 
are .stratified, find very little diftusion tfikes place .betw'ehn the oil- 
vapftur find air. Just bMbie’the ccanpletiou of the* compression 
stroke the yirojecting poTtion of tjie ]uston enters thc'ityien mouth 
of the combustion cluimber, with the result that the fur pcvutaiii^d 
hi the 'annular .spfice is cntrappt^l, afid, forced at a high velocity 
through the. connecting pfi.ssage t^to the**hiithci' e/itl ol the com- 
bu.stion chamber. Here it produce.s'*violeut CurbuliAci*, and'.simul- 
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taneously mixes the oil-v.apoiu' and tiiiv laingiiig them into contact 
with the ignition tube, from which they are iguitetl. The wliole 
ariaugement appears lo be aj» (‘xcellent one, for, although the gases 
are stratified, and therefore more or less stagnant during the com- 
presHioii stroke, tliey mv tlirowii into n state of violent tiirbulenee 
jnior to i*>nition. 

lliis iiriangeni(‘nt would appear to have an advaiitf]L,i*e over tlie 
IJornsby system in tJiat tlu‘ temperature of the bulb ib'st'lf is of less 
imi)Ortanee, siiiee it c-ontrols vaporization or)ly and' is not eoneerned 
with the tim(‘. of ignition as well, thv latter b(‘iiig..det/u*miped by tlie 
point at whieh >'^he* main entry to tlie (‘onfbustion chamber is cut 
8 H‘ by the projecting portion cf the pi^iton. Vfith this systcuii there 
ajuiears to be no r(‘as(Ui A\hy a (‘ornparativVly high (*ompre.s.sion ratio 
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should not be adopt i*d, for if tlii^ working fluid be siitticieiitly strati- 
liish there iieefl be no mixture of comluistible [iroport ions *111 contact 
with the heatiMl portion oi' tln‘ ('oiiibustinn i‘hainl)(‘r, aial the main' 
air snpjily cs('a[)es all ])rc- heating f*ither within or witlmut ch(‘ 
('.ylinder. '^llic wliolc arraiigcmuuit ap])(‘ars to oti’e.r a groat many 
advantagi's. and is doci<h‘<lly attrai'tive. , 

'j’lie/author has been unable To obtain any information as to the 
extent to Avhi('h the small ]y?i^«snge;Mn the ignition-fube opiuiing 
bccxmies (*arboniz('(l up, biJt tlnue seems to la* no I’cason why thjs 
should take plae(‘ to any ts^eessive degree. Thi‘ engine is goviwned. 
on the ‘Miit and miss" jirineiple, the goveilior uaeting- uixm the 
small pumj) which delivers oil to the vaporizer. 2 So provision is 
niadcb for maintaining a uiiiifoyiv t(*mperatur{* in the A"a])oriz(*r, and 
it is said that this is uiine«(*ssary even when running ?)njlie lightest 
loads. It is olivious tha.t.'‘if the igiiition be timiMl, as in this (-ase, 
by the picitioii of the [riston, it yiustd in Any ease tal^e place at 
some period before the end of th« I'cnijiiv^Ksiiyi stride. Although 
the rate of inflammation may be coin]mratiA’(Jy >slow, tlicre is j^lw«ays 
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a certain risk of the pressure! rising too rapidly, especially on heavy 
loads, when the temperature of the. vaporizer is high. To obviate 
this, water injection is employed on the heavier loads, the fun(!tion 
of the water being to retard tlu' rate, of intlanimation, and, at the 
same time, to cool the bull). 

A test which the author witne.ssed on a small National oil- 
engine, of horse-power, gave a fuel consumptioii of 0'69 lb. 
per B.^.P. Ifour, corresponding to a brake tlx'rnnd ^efliciency of 
19-2 per cent. \^hether thi§ is a.n KXce.i)tionally good result for 
this particjriar (type, of engine ^.he" author is unable to .sa}^ l)Ut 
the design is clearly onV' from which a compjirafiv^/y high tliermal 
etticiency may be expected. * ' * 

The New Blackstdiie Engine,— A ». ery interesting engine 
has recently been ^ilaced upon the market by the Blackstone Com- 
pau\ *and is known" as a “oold starting” oir^engine. In this, engine, 
pulveriza'ii'on alone is reliitl upon, and the fuel is drive^i iy.to the 
cylinder bv means of a higli -pressure jiir-bJa.st. By tlii.s mc'ans the 
fuel can be .so Timdy ])ulverized as to* l)e le.ulily combu.stib])? and all 
preheating is avoided, consequently a faij-ly liigli epmpression can 
b(‘ safelv used, and also a liigh mean pr(‘, ssure. These' advantages,* 

♦ • #j ^ * , • 

however, are obtained at t^e exjeense of a^good deal of extra, coni- 
plicfction in the form of a high-pre.ssure air-coinprtissor, always a 
costly, jiiece of appfiratus, and none too reliable at the best of times. 
The. engijie, however, is extremely interesting, and time* alone, can 
.show whe^iiei it will be able -to hold its own in competition with 
fhe other ftjrms of liquid-fuel internal-combustion eugine.s. 

'The engines de.scribed above repre.sent only tf very small pro- 
portion of tho.se on tlie market at the pre.sent time, bfit they may 
b(} taken as fairly reprc.sentative. In view of the fact that this 
cla.ss of engine is being rapidly superseded by the much mpi'c 
efficient semi-Diesel engine, it iVi not. propo.sed to devote moie space 
tQ it. Iti the .somewhat .-peeydized lield* of motor-boating, a very 
•large number of vaporizing oilengines arr, diowever, .still used. 



CHAPTER XXVII 

THE DIESEL ENGINE • 

.1 r 

* * » 1 

TJie Diesel c’J^eligiuc luis, during tlio last few years, assumed a 
jibsitiou of very gTeat proiniiieu'ee in tL*' publie eye, and has largely 
eclijised many of the other types of inf’einaJ-eonilmstion engines, 
espeeially in the lay mind. This is largely due to its undoubted 
merits, [liil. it is also to b'e aeeounted for by an extraordinarily Avell- 
organizwl and eoinjneln'usive campaign ofadvi'rtisi'ment tiifoughout 
th(' whole of Europe, not only in the technical, but also in the la\^' 
pri'ss, with the result that the Di(‘sel engine has assimu'd a degri'c 
of imjiortanee in the jmblic mind to nhich it is not entitled., In 
^he following jiages, therefore, tlu' writer will endeavour to put the 
merits and diunerils of the 1 )iesel as im})artial]y as possible, without 
magnifying the former or ignoring the latter. V>y dint of car. ful 
advertising the publie has been lured into the belief that the Diesid 
engine will ultimately i-eplace the .steam and the gas-engine as a 
prime mover, not onl\' for stationary jiurpo.si's, but" also for 
marine and locomotive worh. There is a general lielief that the 
eHieicncy of tlu' ^Diesel engim' is si^mething like double that of 
the gas-engiiie, that it can be i-onstriicted ni any size, and up 
to any powei-, and that there is no pur]>ose for which it is not 
suiti'df* 

In “booming’' this type of engvne its partisans have made a 
clever use of two argumt^iits:— (l) That since the fuel is not 
admitted to the engine cyiiiuder’until'the end of the eomprcs,sion- 
stroke, therefore pi'e-iguition, the luigbear of the gxjiIoIs’ou type of 
engine, cannot occur. (’2) 'Phiit the indicated thermal elt'ciency is 
from ^5 per cent to fiO per .cent. .and, therefiire, enormously greater 
than that of any other known form of jirime mover. ' .. 

Neither of these argnn'icnts is really eouvini'iug to an ongiiu'er 
wko has seriously studied “the subject. In tht first ca.se, [tre-ig’uition 
can, and does, occur if by any ehanvii the'lhj?] finds itsAvay into the 
cylinder, either through a rnissfiro 'Ar^a leaky pr stic^;y fuel-yalve; 
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uiicl when it occurs, it is iiiu'ili more (hingcroiis than in an explosion 
eni;ine on ai'count of the very much liif;her compression-pressure 
wliicli is employed. Eurth(‘r, tlie indi(%‘ited tliermal ethciency of an 
eii<»ine is of purely sci(‘ntifi(* interest. It is the net-, or brake, 
ihernial eltictiency which alone is of any conscfiuence. Now the 
net thermal ettieieiuy of the Diesel enf^ine is Imt little highej- than 
that of the oas-engine, tlu* ditlerence being only about 10 per cAmt 
in favour of flu* Diesel. Moreover, the indicated thernial efficiency 
ot tlui i)ies(‘l engine i^, evmi from the scientific' ])oint of vi(*w, of 
merely tie^riious ^\due. because hiir which has been e()m])iessed ex- 
ternally, and not rcH'o’hled by the indicator, ‘is^.idmitted to the 
(‘iigine (‘}’linder durifjg 1 Ikj '.'xpansioii stroke, uhcjre it app.*ai*s oil 
the* c'j'edit, but not on tlie debit, side, oi tlic* ac'.count. The high 
ap])arent indi('atc‘rl th(*rinal efficieiiev argumc.nt has b(H*n used to its 
utmost. (*spe('ially with shipbuilders, who arc acciistom(‘d to reckon 
the* power' of their steam-Lhigines cm the indicated, and not' on the 
shaft horse-])Ower. with the* result that ('oin)>arisons are drawn which 
ai’e grossly inijust to tlu*. st(‘am-(*ngiiu*. ' 

Again, it is geiu*rally believed that 1 he*, Diesc*! (‘iigiiu* works with 
fa'* lower niaxiinum temp(*ratures than the ga.^-cujgine, and thaf, 
as a result, it can Ik* laiilt in much larger ])ow(‘rs A\ithont thci danger 
of s"^tructural failure due to the*. stress(*s set u]) by the teinpc^^'atwrc- 
gradicujt through the cyliiuler walls. This lKdit*f is entirely un- 
founded. It is true that, for e(|ual mean pressures, the*"’ maximum 
temperature of the gases in a Diesel engine is slightly lowei' than 
in a gas-eii'gine. On the other hand, owing to the verv much higher 
pre^ssures that might be set up in tlui (*veiit of pre-ignition, it is 
n(*eessary to einjdoy much thicker eyiindc*r walls for the *-ame size 
cylinder tl'an in an explosion engine*. ir(*nc(* the stresses due to 
temperature* -gradient are* gieatei', with the re*sult that the liihit of 
cylinder diameiteu- is reae*lu.*d earlier in the Diesel tlian in the 
g'ls-engine. Oa.s-engine*s, with eylinelers' up to 51 in. <liamet(*r, are 
ill elaily use, and ha\'e beeif a ('omineTrtal possibility for several 
ye*ars j^ast; but, up to the lieginiiiMg ejf 1015, no Diesel engine has 
bee‘u put into e)p(*ration with eylinde.s large*]- than 82 in. diame*ter, 
though a fe‘W e‘xpe‘rimeiital eiigineis have* been constructeid with 
slightly IfMger eyliiiders. 

In spite, of tins fae't there have bee*n, from time t.o time, outeu'ies 
in both the technie'al and lay ]r;ess against tlu*. Admiralty for not 
experimenting with Diesel eng'‘bu*s for tlu*. propulsion of the latest 
types of battleships aiUl bat J(;-eM-uisers. Sucli outcries show bow 
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little the limitations of the present-day Diesel engine arc under- 
stood. * 

The liigh thermal eliiciency of the Diesel engine is recognized 
on all sides; but its comparatively low commercial efficiencx' in a 
country such as this, which is not oil-producing, is not always 
appreciated. The fuels suitable, and generally used, for Diesel 
engines are the better quality rcisidual oils, i.e. crude petioleum 
after the petrol and pai’atiiii ha\e bec,n riunoved; and^'to a limited 
extent, tar \)ils. Now, jieithcu* of these are .ipiy Jongcr waste 
products; on the coiitrary, both a high and steadily rising 

market value. .^In'19L4 the (iost residual M)tls -in this country 
in the neighbourhood of. (iO.s. ])ey ton. Takijig the average 
fuel consumption of a Di(‘S(d cngiire as 0 45 lb. ])ei* -B.II.P. hour, 
th<‘^ cost of fuel per B.II.P. hour becomes O lAIc?. With a steam 
plant, lining coal al 1 Gs. per ton, an<l (‘onsuming [‘5 lb. [)er B. 
hour, ^ 4 vhich is al)out The (ionsmnption of a miMlinm-sized steam 
turbine ofj.say, 'JOGO B.II.P., the cost of fuel bccomtvs i)cr 

B.H.P. houj*. Again, with a. gas-engine and ])iodu(*('r using coal at 
IG,v. per ton, and consuming 1 lb. [)er B.II.P. hour, the cost of 
•fuel per,. B.II.P. hour bei^ojnes O'OHtW/. 

1Tie*cost of find in th(i tJin^e cases is, thei'efore: — 

JViiCf, i»L*r 
li.Il.r. Hour. 

( kis-t'nginc and jmKhiccr (latinainous) . 0()8G 

Steam tnrlaiie ... ... ... 0 120 

Diesel ejiirine ... ..., ... O' 1 44 


'1'lie.sc fiounw, liowever, arc liuscd on the assuni[)tion that the 
engines ai”. working at inll power in all etfses. a condition wJiieh 
places the I)ie,sel engine "in the most unt’aNourahle light, lieeansi' it 
takiiw :t'o account of two very valiiahle properties wlrtch the eng\uc 
p<3ssesses; (l) The fuel eonsnmptiop per Ikll.l*. Jiour is practically 
the same between half’-lyad iind full-load: (2) it can he started 
instantly from cold, horiec* theye no stand-liy lo.ss(‘s. 

In ovdeu- to view the matter in a fair light, it is necessary th 
compare the cost of fuc'l whc-ii all thive types are working tiudcr 
conimereial conditions. , ^ 


Diesel Engines for Po*wer-station W^ork. - la't ns con- 
sider the conditions of ypei'ation»ol a plant vecjiiired tt'i deal with 
a peak load of, say, GOgo B.II.T*., and wit|i a load-faetpr of .GO per 
eenl', which is a not uncommon fonditkyi in a small eleetrie-power 
plant. 'Phe effieieuey of both gas/wnl Dihsel engines is jiraetienlly 


Voh. 1 . 
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unaffected by the size of tlie individual units; therefore, from the 
point of view of fuel (lonsumption alone, it will pay to use com- 
paratively small units, say U) units each of 600 horse-power, not 
counting reserves. In the case of the steam })lant the (‘fiiciency 
depends very much upon the size of th(‘ unit, a^id therefore it will 
be desirable to use the largest units consistent with the load 
fixctor, say units each of 2000 B.Il.P. 

Now the/.^* conditions all favour the Diesel engine, l)(‘eause there 
will b(*':i() sbind-bv losses, and owing to the large nu/nbcr of units 
no single unit no'^d b(‘ run at in ;inetHcient load. Therefore the cost 
of fuel ma\ 'agaiii 'oe taken as 0‘144fj?. pei* B.Il.P. hcyir. 

The same applies, but to i\ much lessen* extent, ^o the gas-eiigim^, 
for tliere will, be «-^tand-b); losses in the producers, whicdi must be 
kept banked in readiness to meet ilie^peak load. Tin' coal con- 
sumption in this case may be taken a.^ 1‘3 lb. ])er B.H.P.' hour, or 
0T]2^7. ]K'r B.H.P. hour. ^ ^ 

t In the st('ain jjant the stand-by ]oss('s will be considerable, 
owing to the lai’ge size of the units, which/*annot always be run at, 
or iieai*, their most etlhheiit load. Sullieient boilers must always 
be banked hi readiness to meet the j)eak load, and one unit must, 
be/ ke])t I’k'nning light, or .it h‘ast xvarmed up for considerable 
periods, becausi' st(‘am tiubines cannot la* start^eil quickl}' from 
cold. The fuel consumption under these conditions will probaldy 
averagi' about 2*5 lb. of coal j)(*r Ikll.P. houi*, or 0*21 5</. 

The cost of fuel under <*ommercial conditions will therefore be 

« I. 

' appi‘oximaa‘ly : — 

J'flUU'. |MM 
n.H e. Horn 

Gas-engine and producer plant 012:2 

Die.sol engine ... ... 01 44 

Steam turiniies ... ... 0-215 

These figui-es are based uj)»)n the cost of fuel alone, and the 
gaS^-engine now appears in j^he most ^.lavouiable light. If an 
ahimonia-recqvery plant w('re pi-ovid(‘d th(‘. cost p(‘r B.H.P. hour 
of' the gas-engine plant would be ‘still further ivduced, but the 
cost of upkeep o-f gas-inigiiies and produet'rs is eoiisideralile. That 
of Diesel engines is less, and of steam -turbiiu's less still. From 
the point Of view of capital outlay the Diesel plant is probably 
tlie most! e-ypensivc, whth the gas-engine .see.ond, and the steam- 
engine thiid; hut when aground rout, buildings, &c., are taken 
into aeeouiit then', is h'lot’ very i iucli to choose between all three, 
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aud much must necessarily depend t^on local conditions, water- 
supply, &c. 

It is not proposed to deal further with the question of com- 
parative running ^costs, but merely to indicate that, from tbe 
important point of view*of (•()mmercial etliciencq', the Diesel engine, 
is infeiior to the gas-engine with the present 2>nce of fuel oil In. 
this country. In liussia, and in other countries ivliere oil is 
abundant and coal expensive, tliese hgiii'es, would l*e very 
dift'erent. The above figuiw^aie. ]»ot intended ,to discredit the 
Diesel engine in 
<listinetion of l)^ 
t5ut inM-ely to s 
limited. 

Its yi'ineijjal asseffi are - 

1. It is <-ompaet and self-eonlained. 

2. It c?lji b(' startc'd instantly from cold. • 

8. Its high elficieiiey js niaiptained ovei' a wide i-ange of load. 

4. It can u.se r(',sidual oils or taj" oils without the neee.ssity for 

/.i gas-])rq(lueiu^ plant. 

• 

Tliese are all sqlistawtial advantagt'.*. whieli render the emriiie 
adinimblv suitable foi- a great vai-iety of purposes. 

Its principal (lisadranfayr.s are;-- 

1. Its liiirJi firsi (!ost and (.•onij)li(*atioii. 

2. Tluit its iiso, as compared with tlic spteain-(‘ngine, ig^lifnited tQ 

comparatively snviH powei">>. ^ ^ ; 

;5. The 'dioiee of fuel is restricted to petroleum and coal oils, 
])Otli of which ar(' no loilger waste products, and whose maj-ket 
vaiii<‘ u liabh* to violent Huctuations. It is true tli^at the Diesi^l 
cn^im? will also run on animal or v^getahh' oils, hut at the present 
tilin' such oils an* more expensive than mineral. 

The general priindpIcTof the Di<\st'l cycle and ils ctlieieucy ha\ (? 
been dealt with previously. * • 

(Credit for the development, of this engine is due,both*to the late 
Dr. Rudolf Die.sel and to 1;hef Aug.sbiu^' branch of Uie- Ma.schinen- 
Fabrik Augsburg-Xiirnbidg, who jshowed very groat “iiiisight and 
per.se,veranec during the eaidv experimental stages. The^myelianieal 
dilliculties to be conteinhal with* well' ,very serious, and it Avas 
scA'oral years, before anything ajlifiiiaehiB’g •«, eonvinercial design 
could be evolved. As originally lioAceivetf lly Dr. *Die.sel it \^a.s 


ai^' manner, for this f-ngine _fust^ ckiim the 
yig the most ettiiacnt jiViine-inover evei* produced, 
how that its* yqimueftiqJL po.s.sibditie.'j.are not un- 
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intended to employ isothermal compression during the first part of 
the compression stroke, and adiabatic compression during the second 
part. The expansion stroke was to be isothermal during the first 
part, the necessary heat reejuired being obtained by the admission 
of coal dust to the cylinder, and the temperature kcj)t constant 
until a certain ])oint in the stroke was reached. Then the supply 
of fuel was, to ,t)e cut oil, and adiabatic expansion continued until 
the end. of tlie stroke. 

This cycle, ^which is practhially ‘the Carnot cycle, of cou)se, 
provid&s a ' very high eftieieney, bub it is hardly a practical one, 
on account of the extremely low mean pr(‘ssiire^ Obtained. Early 
experiments, soon showed tijat the use of coal dust as fuel wSs 
impossible, and the constant- tempfrabure (vcle was soon changed 
for one employing constant pressure, which gave a fai- higher mean 
with the^ same maximum pressure; but,, of course, a somewhat 
, lower clHciency. It was alsc/ found that in order tliQroilghly to 
pulverize and distribute, the fuel in the A’ery short space of time 
available, it was necessary to inject it with compressed iiir. This 
necessity for the use of the high-pressure comjiressed air has always 
been, and,, still is, a weak point, for not only does it add to the 
cost and complication of tbe engine, but tl'e compressor is, in itself, 
a sdurce of weakness and unreliability. ' t 

F'Uel Injection. — In the Diesel engine, as at present con- 
structedi whether operating on the two- or four- stroke cycle, air 
alone iff draVvn into the cylinder,, and is compressed adiabatically 
to, a pres.sbre of from 45(» to 500 lb. per stpiare inch. This com- 
jiression raises the tenlperatule of the air sufficiently to ignite with 
certainty practically any fuel which the, engine is intended to u.sc. 
At the innei« dead-cciitre, or, in practice, a few degrees bi'.fore it, 
a small needle-valve is opened, and a charge of fuel is blown into 
the cylinder by means of the highly'-conipi-essed blast air. Owing 
to the extremely high pressure of this air, generally from 700 
"CO 1000 lb. per square incli, the fuel^'is thoroughly pulverized, 
and enters 'the cylinder as a fine mist, which ignites as soon as it 
('.onies in1></ con, tact with the highly-heated air in the c,ombustion- 
space. The rate of admis.<i'on of»t^;c fuel, and consecpiently the 
tempcj’atKre, is so adjusted that^the pres.sure is mairitained constant 
>luring the first period of the outwai-d strokes of the piston. The 
fuel-valve is then closed,,, and the highiy-heated air andtproduots 
of combustio'n,. are axp^ded ^r^rfoil the end of the stroke. 

‘ It is evident thvit* to obta'in the best efficiency, it is of the 
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utmost importance that the fuel shal]( be so finely pulverized and 
‘ distributed, that each particle shall come in contact with the neces- 
sary quantity of oxygen, and shall be burnt before it can reach the 
cold walls of the cylinder, and before the expansion commences. 
Apart from th'e loss of efficiency, any unburnt oil that conies in 
contact with, and deposits upon, the cylinder walls, will either buin 
slowly on the surface, throwing down a <leposit of (*arbon, or will 
mix in a partially burnt condition with the lubri(‘,atif)g oil on the 
cylinder walls, and so intesfere wi^li the pistoii lubrication, and 
cause gumming of the piston -rin^^s. • ,••**§ , 

Effect of^Valve Leakages. — The* fuel -valve is generally 
Supplied with fuel oil by me'ins of »* small •plunger pump, which 
d(divers the oil to tho valve s^me time Vefore it* is required. It is 
allowed^to remain there until the, valve is opened, when it is driven 
into the cylinder by pu'ans of the higldy cobipre.ssed air.* 'I’he 
valve itseif is always under air presHur^, and, it is, thete'fore, vei)’ 
important that it shall be kept tight, for any h'akage will involve 
not only* the loss of blat^ air, but, also, some of the fuel oil will be 
driven into tlig cylinder as soon as it reaches the valve, and at a 
*time Av|/^n it will only increase th<? negative work, ff the f’ajve 
should stick opem frouj any cause, tli^ whole of the oil will be 
di'iveiJ into the cylinder as soon as it is delivered fiom the i^fimp, 
and it is conceivable, though highly improbable, that it mfjfhi be 
driven iif just before the eiul of the compression strokj*. and so 
result in a very serious pre-igyitioir. » * 

Again, if either the, fuel or air-starting valves should, iroin any 
cause, remain o[Vn so as to admit <iir to the cylinder during* the 
compiussion stroke, it is^clear that siq>ercharging of the eylind(‘i' 
will take ]ilace, and the compression presMire may i)e laised tq a 
(bliTgerbus figure. The rise of pressure du(‘ to this source is, how- 
ever, comparatively gradual,* and ban be guarded a’gainst by tin*, 
employment of a relief valve adjujjted to blow ofl at A pressijiv 
of, say, 600 lb. pc'i' stjUfRi^ incli.- Sik-h a valv(‘, howeNer, owing U) 
its inertia, will Jiot be able to relieve v'ery sudden risCi^of pressure, 
such as occur in the tnent'of pre-ignition, to any gi^.'at extent. 
Finally, it is (dear that, undei|Cvrtain c,f)inbinations of cjrcumstances, 
it i.H possibffi for the futi valve* to remain open, aiTil«thps [)rodu(‘-e, 
both supeivharging and pre-ignition, and this is the gri'atcwt danger 

of all. , " " ’ ».*,.* * . * ’ 

Leakage piust, at all costs, be ^»^|qided i/i {v^Diese^'Sngine. becau.se 
thi.s engine depend.s stdely uptm tlm adiabadc eompi e.s.sion, of«the 
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ail' to provide the necessaiy ^/eat to if^nitc the fuel. Sliould there 
he any serious amount of leakage during the eompression stroke, 
tile temperature of tin', air may not be suffieient to ignite the fuel. 
Under these eireunistanees tlu' fuel will be partially vaporized, and, 
unless all the vapour be expiOled during the following exhaust 
stroke, it may lx* ignited during eomprc^ssion, thus causing a serious 
and often dangerous pre-ignition. To avoid this risk of leakage 
very gniat cart must be taken in the manufacture of such parts as 
pistons, liners* and valves, for ijot only jnust they be machined with 
extreme accerac'^v but thev njus^i alko be thoroughly annealed in 
order to avoid deformation .when heated. All tnis, /jf course, adds 
to the cost of the engine. ^ *. • 

Compression* Rat io-'r- It has' alr(‘iidy li-en pointed out that 
the air-standard etjiciency for a cohstan I -pressure or Diesel engine 
is dependent, not niton tlicj'atio of compiessipn alone, lint also u])on 
the maxiiliVim teinpia'/iture.* The ai]-(*ycJe efficiency din^ini.'rhes aK 
the temperature (and llnn'cdbre the mean piessure) in(*reases. The 
ideal ellicieiicy for the actual working Huid ‘diminishes withcinerease 
of tentjierature to a still greater degree on aeeount of the in(*i't‘ase 
in th’e specific heat of the gases, and thi) aetnal (‘fficiiuicy -fffitained * 
fj'om test figures shows the^same decline. It has also been pointed 
out tliat for e(|ual ('Omprc'ssion I'atios the air-stamiird (‘fficienfV of 
the l)ies(*l engine is lower than that of an explosion (‘Ugine under all 
working conditions, that the air-standard efficiency of th(f lattci' is 
indcpcndeni ol' the tcmpeiatniv\ and that tin* (‘fficicuicy of both is 
the samc*at*the ])oint of ho-heat snj)ply. 

lii an explosion engiKc the i-atio of comj)ressi()n ^^mplo\ ed is the 
highest that will (‘nsufe against spontaneous ignition oT the gas(*s 
due to the heat of conijjr(‘ssiojj. even whei» the engine is hot and 
dirty. In the Diesel engine the ratio gtmei'ally (*njpioy(*d *is'\he 
lowest that will ensure spontanetais igfiition, even wh(‘n the (‘iigine 
is ylean and cold. In both cases tlie a(’tual figure em])]oy(*d is 
dependent to 'some extent- up6n tlih natw^i.‘ and ignition-point of 
the fuel. Fv/rn the i^oint of view pf indicated tluunial (‘tliciency 
;done, it is pbvious that the high(‘r thu compression the jiigh(‘i' the 
(dheieney; but the iucrchse in effieigij<p" between, say, a Kl:l aud 
a 15:1 conu)rf\sSioii ratio is eoni))aratively •.small, being only about 
2 •[«:*!• ceut. The increase in inaxiinnrn ])fessnre between the two 
ratios in fJie'event of pr(^-ignition Js about MO per cent. Nqw it is* 
clear that the c^eeballioal^ l^lticdeY ^*^^7 ^^othing of the cost, is 
depftudfViit upor\*the rafia of th(% imiximum abnormal pressure to the 
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mean pressure, because the mechaui(t}il efficiency depends mainly upon 
the weight of the. reciprocating parts, which, in turn, are governed 
by the maximum pressures. Between a ratio of 13:1 and 15:1 the 
difference in mean .pressure is inconsiderable, but the differeuce-in 
maximum pressure is very large. Consequently, the higlier 
compression pressure would bring about such a reduction in the 
mechanical efficiency that the net thermal (‘fficienc)* wqnld probably 
be actually reduced, while the weight and cost oSjthe engiiw would 
be increasiid almost in pro|toyt.ioH fo the inci’c.a*<e in inaxinnim 
])rcssure. Fron^ th^ above c.onsideration it is»cTea# that it is not 
(|(‘sirab]e to incrqiise the compression pitissurc in a Diesel engine 
above the mininium which will .euffure ignition of the fuel. 



CHAPTER XXVIII 

FUEL. l.NJEeT10N 

I 

It is ol>vi(»us tluit tlio'pmctical .success of a eugino must 

de]icii(l voiT. .largely iipoij.tlfe pu!yvii7.atioii and distributioif of tl*c 
fuel, ami attention iiiust He coiic.eyti-‘it(5l updii the fuel-N'alve, wliose 
function it is to Control: '(]) tlic rate of a(li5ii,ssioii ; (2) t^e degrc,e 
of pulveyizatioii : and (.‘})'tlie ilistrilmtion. of tlie fuel witrhiii the 
,conil)U.sti(»ii-s])acc. / * 

1. Rate of Admission. -In the iih'al constant-pressure (*ycle 
tlic 1‘uel is admitted at sucli a rati' that ’its comhnstion 'inaintaius 
a cgi'jstant, pre.ssure \vitliin the cvlindi'r, throughout the full period 
of admissyni. In practice^ no fucl-valvi' will do this, '“nor is it 
desiralde that it should do so. If fiic admifision of fuel he too 
rapid, the pressure within the cylinder will risf above the. com- 
pressitm pressure, and, within icaMUiable limits, this is a desirable 
feature, for the i-ycle then a])])roaches more nearly to tile, constant 
volume, cycle, and the ctjicieiicy is* in consc(juencc., improved. The 
priissure o^ coin])ression is, however, already so high that any further 
considerable rise may 'destructive to the fieaiings. it is a 
comparatively ea,sy matter so to dirsign tlie fuel valve tLat the pri's- 
.sftre shall be* maintained within .safe, on ihe one hand, am^ on the 
other hand, economical limits, jirovided that the viscosity of tlio oil 
fuel remains the same. Unfortu natch', the viscosity varies eon- 
.slderably, n^t oidy with diti'ewnt .sanijiles of fuel, but also with the 
'same fuel under varving tcinjicriitures. In an engine .such as a 
.stationary Engine' which runs at a eon.staiit sjieed. it is not difficult 
.so to adjiftt thj! fuel valve that the ^iressiire .shidl remain ajiproxi- 
mately uniforip when the efigiiie IniS noaelied its normal ti'inpeiliture, 
and so liJng as the brand of fyel used temains the .same. In an 
engine sequired to run at variable sjiei'ds, however, the diffie-ulty is 
very great indeed, beeiiij,'<e*if rtie rate of fuel adini.ssion* remains 
constiyit on a tune l/tCsi.sJ it isalJiVious that a given ijuantity will be 
aifmjitled earfier in ^ he ..stroke,,* at low .speeds, and later, at high 
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speeds. Thus in the one case tlie pressure*, may rise to a dangerous 
degree, and in the oth(*.r, combustion may l)e so far delayed as to 
cause a considerable loss of (*ftici(*ncy. Again, at low speeds, the time 
during which the fuel is lying in the hot valve (*]iamber is longer, 
hence it takes up more lieat, and its vis(*osity is reduced. This will 
result in still more rapid injection, and a still further rise of pressure. 

All these conditions (tan 1h* (‘om[)ensated for t(^ soipe extent by 
vaiying the* blast -air pjessuj*e, whicJi is Jarg(‘]j" infitrumyntal in 
controlling tlie rate of admission^ hut this reejuires very careful 
adjustment. ^1 u.^arine engines, *a reduction, in* ^p(*exi i§ always 
accoinpani(‘d ])y (‘orresponding rediuition* in load, and, since the 
ratio (If mean j^ressure to speed is. definite, it is easy; to vary the 
ail’ pressui’c in a,ccoAlaiie(^ with the engine sp(*.ed. Up to tlu^ 
present Jtiine, l)i(*.sel eAgin('.s have not be^.n us(*d for motor traeditm, 
nor dOes there seem •«‘iny prosj^ect of their I)(*ing^ so emjiloyed, 
for the suflldeii (*hang(*s, both of spiM^l and loa^b that an* (*l('manded 
of a trat'tioii motor (*ould not he dealt with hy a Diesel engine* 
unl(‘ss some entirelv new mctlnxl could he devised for regulating 
^tlu* rate of a(knission of the fuel. 

2 . pulverization of Fuel. — Tin; degree of pulverization is, of 
course, of primary ,imp^rtaficc. It is ^^liviously essential that the 
wlioii^ of the fa?l shall be divich'd into sneh extnunely small* par- 
tu'les that eaeh ean vatKjriz(^ and burn eoniplet(‘ly during the \’(‘i’y 
small space of time availa))ic. The find issues from the valve in the 
form of extremely fine glohul(.^'i^ tra\'e]ling initially at a*, very high 
velocity, ('-orresponding to tin* jiressure (liHei‘eii(*.e between the blasl- 
air and the^c'ylinder ])ressuj’(*-. OwiiTg, how('y(*r, to the small wi^ight 
of tli(* ])artieles, their inei;tia is small, and their initial velocity falls 
V(‘r\’ r^ipidly. On eoming into contact with the highly-heat(*d ,air 
within the cylinder, these globules Ix^giii to vaporize (m the surface. 
The vapour thus formed^ igintes on coming into contact with the 
oxygen of tlie air, and from then ai the partudes burn \intil they 
an^ (‘ompletely eemsum??!. 

Ka(d] globule of oil must -be eonsidered* as •ii s])U 3 rc of litjijid 
imme(liat(‘ly surrounded by *^111 atmosjdierc of pure oil v[i[)Our. At 
a gfeater radius, the atnuVspheiH? consists of hui’idiig oil vapour and 
air. The Ihjuid in the f'-entre of^the sphere is rapi(>iy •vaporizing, 
due to the heat i-adiated by the outer layer of buruiiig vifpoui:, fii*id 
‘this (H)htinues until tin* whole ofMihe ^ejitral t*.ore of li(juid has l)(*eii 
va|)orized and burnt. Tin*, rat^.^pf bii^nhig dejjt^ids upon the 
diameter of eatdi globule, ]>rovidefl, *of eou'fst* that i*t is surrounded 
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by sufficient air to umiutaiit combustion. If tlie diameter of the 
globule be .so great that it can reach tin*, comparatively cold walls 
of the cylinder before it is completely burnt, it will simjdy adhere 
to these walls and burn slowly from the surface. Owing to the 
cooling actioi} of the cylinder walls, the heavier fractious of the fuel 
will not be vaporized at all, and there will remain a deposit of 
unburnt caribou yhi'^'h "ill gradually accumulate. If the surface be 
above a^-ertaih tenpjerature, much tht' same thing will occur: in this 
case, however, the carbon will cictt adhere to it, but will flake ofl‘. 

Froiv till* alvDvt' (;onsidei'ations, it is clear thijf it^s of the utmost 
im[)ortance (l) to pulveri/i! the fuel, as finely as^tossible, and 
so to direct the S2iray' that, it* shall ,i)o't come into contact with any 
cold surfaci* before it is coln])letelv; burnt. On account of the very 
high compression fatios efn 2 )loy(‘(l in IbeseJ ‘engines, the tfiickness 
of the layer pf air in the combustion s]»ice is necessarily very 
limit(‘(l. and the <lis^inice whicll ]»arti(des of fuel can tivnr.'! without 
coming in contact with some metallic suiface is very small. For 
this reason, the Diesel engine. more*than any other type,*de])ends 
foi' its efficiency upon the (‘mployment of a relatively long stroke., 
. .‘i. Distribution of Fuel- The dist ribution of the fueflhrough- 
out the combustion sjiace »is of even 'more iivportance than the 
})ulvfrization., lIoweA'er finely the fuel may be pulverized. •cian- 
j)lcte e/unbustion is iiin)ossible unle.-s each 2 )article of fuel is sur- 
rounded by the necessary quantity of air. .Many fuel valves which 
, give exc^elCmf pulverization are found, in piactice, to give ]K)or 
iesults, })ec/luse the individual particles of oil are not sufficiently 
separated from one anyflier to ‘allow room for the nece.'jgary air for 
combustion. At the same time a considevable jn’oportion of the air 
in the combustfon space m'ver comes into contact with the pyrticles 
of oil. and is comjdetelv inert. Under these conditions the engine 
will smoke heavily wIkmi fully loade^k due to the iii('omj)l(‘t(‘ com- 
hiutioii or the particles of oil. • The ideal fiud valve is otjc which 
w^lll direct a spray of oil into every' corner of the combustion space, 
so .that the xfliole 6f tile aii- is tlioroughly impregnated, and at the 
same time •th(‘ si)ray is nowhere so^densc that it cannot find 
sufficient air .for (‘.omplcte (!Ofcjbusti<MJj|- * * 

It is, erf rourse, needless to .sav that* this condition is never 
rcftlizcd ,iil jnactice. If it were, the. mean efl'ectivc pressure would 
be in the neighbourhood of ,^00 11)« pei- s([uare inch. It is jjfobable* 
that the neare.s* n>pi’<'*-'*'iu>ktion ti(J>the ideal is reached in the experi- 
mental Aunker.s* engim* lo be Ae.scribed later. In this engine the 
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ratio of diameter to length of the eoinl)ustion space is approximately 
as 3*2 : 1, and two fuel valves are employed directing tlje sprays tan- 
gentially, in order to product^ a whirling motion. It is obvious that 
the distribution of the partu'les of fuel is gieatly helped by any tur- 
bulence within thc‘ (Vanbustion spac(‘, and this turbulen(*.e is largtdy 
produ(*.ed by the high-pressure blast-aii- whi(‘h enters with the fiuh 
It is owing to consid(‘i‘ations of the distribution of the fuel which 
have led designers of Diesel {'.ngines to adhere ’strictly to the 
simplest and most symmetricaj form of combustion spdee, iiamtOy, 
that in which th(i cylinder cov<Jr iA merely a fl{jt^])lat(;, with the 
fuel valve moun?jd ih the centre, and thu iidetbind exhaust valves 
oif eitliQr side, [h order to Ivhve a. syflicientJy deep layer of air 
immediately below the fuel viilve,*the t()j)j|!)T the* piston* 5s generally 
made concave. The list of side pibcliets fvr thc^ v^ilves is inadmis- 
sible, uijlt‘ss the fuel vajvc' can be so placed that the spray -will 
reach tlu'se ^pockets; otherwise, they ^will* simpjy contriin »(lead air, 
and the power of the* engine will be reduced inVonsequenee. The ^ 
flat combustion head is W no m(‘ans the only possible form, and, 
in horizontal engines, the (‘onveiitional gas-engine design is per- 
fhctly pra^4ic.able, the only d<‘ad air being that entrappefl between 
the piston and the open mid ^»f the coinbnstion chamber, "^which can 
easily, Jj(‘ reduced* U? a very small proportion. Jt <*an readily^ be 
s(‘en that tin' ditlicnltic s in the way of iwoducing a* satisfm*lory 
double-acting engine ar<‘ emninous, Ibr tin* ]nesence of the piston- 
rod r(‘duces the sliapc of tlu* coml)ustion chamber to tUat^of a ring, 
lieasonablv good distribution can, howevfn*, bi* obtaiinjcl by the* 

m/ ^ 1 

use of two valv^^s, admitting the spray tangentially, or tiy ;so 
d(^signing tlu^ evlinder that, at the (‘inl ol the c()mpn‘ssion stroke, 
tin* whoh* of the air is ('ompressid into two valv(‘j^eljambers of 
sutti(*i(*iir* (‘aj)aeity to aei'ommodate it. In this ease, of course, (*a,('li 
must Ik* fitt<*d with its own liu^^valvf*. Tin* problem fft the double- 
aeting engine, however, is Still furtlier eomplieated by the wecessity 
for using a stufling gland-^wSich always lialde to leak, •and l(*akage^ 
of compi'cssion in a l)iesel (‘iigine means not only Joss oj ciHciency^, 
but is in itself a. very real dajifier. , 

The Air Blast— In all ^Diesel (‘iigines* as yef. with the ex- 
ception of the \hckers subuiaiine engines, the fuel is pnjverized and 
distributed ])y means of corti])ressed air. The advantages of fids are:, 

• 1. A ^very inueh fiiu*!* degree qjf pujvcrifiation (*an Ir.* obtained 
than is possible by nu'chanieal m(vi>is. 

2. The particles can be more tlioi'onghly disj,ribut^^fj. 
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3. The particles are surrounded initially by a certain amount 
of air for combustion. 

4. The turbulenc^o produced by tJic inrush of the air accelerates 
combustion, and stirs up any dead air in the cylinder. 

The disadvantages ai'c: 

1. It is necessary to compress the blast or injection air to a A'^ery 

high ])ressure, generally from 700 to 1100 lb. per square inch; and 
the coi'.ipiessiou of air to such pro.ssures involves the absorption of 
a considerable amount of powl'i ' on' v’a portion of which is returned 
as Avork dbne ih the- cylinder. , /- 

2 . The higlj-pressure compressor is in itself costly, comjjlicatc^, 
a sour(;c of weakness, and e,A cn‘of danger. 

.3. The expansion of aii‘ throui^ the fuel A'alves, which is not 
truly isothermal, iuA'olvcs a reduction of temperatui’c which is detri- 
mental to. cOinbustion ; aiid, on light loads" if the proportipn of air 
l)e large it may prevent ignition altogether. 

The first two objections are the reall}- serious ones, and the 
S(‘eond has been brought into peculiar promineucp lately by the 
failure of the blast-air com[)r<‘ssoi\s in Dic'sel-cngined atSiScIs, and 
several fatal accidents duedo the burstiu.tr ,of air-pipes and receivers. 

■Compressor Efficiency. — The proportion of poAver aly.orbed 
by thy blast-air compressor depends upon the nature of the fuel and 
the load, but is geneially from 3 to 8 per cent of the indicated 
horse- 2 io\A,Vr. The compression of , air to a pressure of from 800 to 
1100 lb. pt-r .square inch mu.st inevitably be a A'cry iuelhcient proce.ss. 
If ii tAA'o-stage compressor be cnqiloyed, the number of compres.sions 
in each .stage ranges from 5 to 7, and if the conqn e.ssion Avithin each 
.st/ige is a.ssuvied to be adiabati**, and the intercooler between the 
tAvo stages .so elhcient that the air is cooled doAvn to its origpial 
temperature tiefore jiassing into the' high-pre.s.surc stag(‘., then the 
eflicienc> of the coinjiressor, as compared with the true isothermal 
■fompressiou, will be in the neigliooui-hotvl of 00 per cent. This 
.sJkiavs a lo.sa of 34* pei cent due to the heat of compression. To this 
must be fvlded the A'alve los.ses, which are quite considerable, and 
the mechanjeal friction of the comprp.s.scr. 

The gveralt efficiency of the b]a.st-ai.' com|)rc.s.s’ors, as used on 
2,)ie.^el cagines, is probably little more than 45 per cent. It is not 
at all easy to say Avhat proportion of the total indicated .power »f 
the compres.s.ji is rQjiur-.iied a.S' wseful work in the cylinder of the 
engine, but it is proibaibly nov. more than 00 pei* cent of the indi- 
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cated, and 40 per cent of the net, power absorbed by it. In spite of 
its low efficiency, however, the loss is ratlier more than compensatiid 
for by the be.tter and more complete combustion, as compared with 
any method of mechanicial injection tJuit has been tried up to the 
prescmt, for, owing* to better distribution of the fuel, there is less 
dead air, and a higher mean pressure (*,an tlierefore be employed. 

Compressor Explosions. — Owing to the high teinpcu’ature 
generated by^ the adial)alic con^pression of the air*in#the different 
stages of the compressor, and ^o the obvic)Us necessity for liibi’i(iat.ing 
it, there is always a. possible ‘ risk of . iIjc lubr^Jating oil being 
ignited during c?,mpi*(\ssion. Under normul working conditions, with 
rcstrkd(‘(l supply of oil of h:gh flash-point, this danger is remote, 
but in the (‘V(‘nt of partial ly elibked or fleaking d(‘livery v^alves it 
becomes^ S(‘rious. Ignition of tlie lubri(*ating' oi,l does sometimes 
oer.ur, gcmerally in the ippe leading from, tlie liigli-prcissure stage to 
the afU:n'-epoler. It lias occasionally# bia-n known to spi'ead to tlie 
storage bottles, whit'h may (contain a (ionsiderable accumulation of* 
oil carri(‘.>l ovm* by the iih*. \V?Iieu this occui's, the resulting explo- 
sion is likely to b(‘ of a disastrous nature, though such an accident can 
‘generallj'^be avoid(‘d by porio(li(‘ally blowing out any a(?cuinuhiftion 
of oil in the storag(‘ bottles. , ' j ' 

. Ue client pioduced on the tciiiperal lire by a Jeakiiig (lc;li,\ery 
valve is not })erh!i[ts (juitc obvious at first sight, but by allowing 
liiglily heatc-d aii- to pass back througli the Vfd\e, during the suction 
stroke the suction temperature, imu: be mist'd to i> tionsidt'riilile 
degree, for the high-pressure air expands tlirough tlie, deUveiy valve 
without doing wtJjk, and consequently without any considerable 3oss 
of heat. lt*is obvious that if the suction temperature lie increased 
by only a comparatively small amount the efl’eet lyion the eom- 
prefesioil tempej'atnre will be (‘ousiderable, and quite a small leak 
may easily produce a temperii*t;ir(‘ ilsc of as miieli as F. at the 
(‘ud of the eonipressiou 'Stroke, wh^eh may be suttitneiib to t;ause 
ignition of the luhiieatii;^ vtil. ‘I'he effect of clogging oi' the delivery 
c alves is, of course, obvious, in .that it inori'.tses the I’cyistance, and 
th('reforc both the degree of c»ompression and the temperjiture. 

Fuel Valve Design/ Cjojjed Type.— In the* actual design of 
the fuel valvif there is a wide diversity of opiuiofl,,bu.t, broadly 
speaking, the types of \'alve generally enqiloyod may b^ divided 
into tws) classes, the closf'il and thf open. ''A typical exAmf)l6 of the 
closed type is given in tig. 1 SG (p. "fththis arra*ig'<eineut the fuel 

oil is delivered .to an annular «;haniber surrounding ti'ip valve A])indle, 
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which is also in communication with the high-pressure blast air. 
In order to prevent the whole of the oil from l)eing driven into the 
c}dindcr ahead of the air, a numb(‘r of l)afile-plates are provided, 
drilled with .small holes. The ii>il falls on to these battles, is driven 
through them, and carried into the cylinder by ^hcTush of blast air 
that takes place when tlie valve spindle is lifted. The primary 
function of the baffle-plates is to act as a brake in order to prevent 
the oil from ».''ntering too ra2>id]y, and the number of plates and the 
size of the holes In each must Jje adjusted to suit tlu' viscosity of the 
oil. The baffle-JjJiites also jnotiably serve a useful jmrt in mixing 
the oil and air. Below the si'atiiig of the valA* is^i sej)arate plate, 
generallv termed tie* HaunVolate. fni\ino a suufll orifice ibhrou^li 
wliirli tlie oiF aiuT' air pas.^ at a veiocity, and by means of 

'svliicli tlie fuel is amr sjjroad oiiL tlii‘oui>liont ^tlie com-- 

bustion cl]aml)er. ' ^ » 

Tliis’i*; jirobably.tlie .s^Lm].)Jest form of \'alv(\ and is, ofil; wliii'li 
^IViK been found oencu’ally .siitisfaetory, but it is, of course; ()2)en to ini- 
2 )rovement. In the first plae(\ Avliefi oneeMlie iiumlK^r of baffles and 
the size of the lioles have l)een decided ut'xai, tlH‘ l)ivdvin<»’ effect will 
l>e de2)end^‘]it iq^on the (|uantity (»f oil ])as>ino‘ tlirouub.^ ..is can 
1)0, and generally is, adjusted by varying tlu* aii' ])i‘es^ure, either 
auLiAUiatically or liy liand. In some' <*aM.‘s, ho^^s^^'er, the wh^sired 
elleet ^is produced l)y admitting the fuel lower down in tlu'. valve- 
chamber,^ thus .diort-circuiting a cej’tain number of the lraffl(‘-])lat(‘s 
on full load? I»ut admitting^ it Ijigher u}) on the light(U' loails. 
Another method, aud oiie which i.s J’airly sim])l(‘, is so to arrange 
thti baiHe-2)lat(vs that «vej*\ alternate one (*an 1 h^ rotated througli 
a small angle, in order' to bi’ing the holes directlv under one anothcu*, 
or to stagger them. Yet another m(‘thnd is to (bill a small hole, 

t ~ < ..... f 

generally through the valxe sjiindh* itself, leading from above* the 
baffles to a jicVint just above the* valveVsi^ating. The diameter of tlu*. 
hole is sUv'h that ti [jortion of t;lie fuel wilV jiass thi'ough it. As the 
cpiantity is iiicreased the spaei^ ]>ett\*een riu^baffli'-plates is first fill(‘d 
uj),-and thev,*any excess of oil will How down through the small hole 
to near tlu*, valve seating. In this maf.iuu- the (juantity of oil whicjh 
is driv(*n through tlu* ba'ffle.^ij'main.'s ])j*actically the same at all k)ads. 

Open-ty;pfc Valve. In the ojK*n typ.e of fuel N'fdve., tlu* fuel is 
iidmitted betw(*en the valve seating and the flame-jdate. No baffles 
are used * aiid the rate fuci! injection is f ontrolled by tha rate at 
wliic.h it is chd<V(*red^^,,tOs.iIie yiisipagi* b(*tween the seating and the 
flavie-j/late. In this< exse, thv* fu(*l juimj) is timed to deliv^er its 
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supply during- the first portion of the expansion stroke, which is a 
decided advantage, because, in the even^ of the valve sticking open, 
there is no fuel present to be driven into the cylinder until the 
extreme end ol the compression stroke. In this way one of the 
possible sources of pre-ignition is ol)viated. The open type of fuel 
valve is naturally better suited to horizontal engines, because the 
passage leading fj-om the', valve seat to the flame-plate must neces- 
sarily be horizontal, for, in order to prevent a blast of chid air from 
entering the hyliiuler ahead of the oil, a certain proportioi*) of it 
must l)e delivered, and must lie tn the passage l)efo’A". the fuel vah o 
is opened. It ia rao^^^t undesirable to have any changes ot direction 
in* this jmssage: Ijence it lollqws that .tlio o])cii-type fuel valve is 
generally used in horizontal, whde thh closed type is used in vertic*al 
engines. * 

“I^mtion Oil.”— Kc )!• tlie use of tar oils, vliicli liavp. a veiy 
liigli igi^itioii temporatufe, cillicr an excessively high' conjpressioii 
must he ei*h.})loy(‘(l, which is by no means dcoir.ihlc, or a small 
quantity of oil, of low igu tfion-ppint, must he admitted ahead of the 
tai- oil, and this latter is tlic method usually adopted. 

, Two f\jgl puilips arc fitted, one delivering the tar oil to the fuel 
valve ubftve (he lialHc-plato.^whilc the’ sccftiid and .smaller pump 
delivers gas oil, oj .s«mc t)th('r oil with a*low iguition-poiat, to the 
valve Clamber below the 1 )aftie - plates, so that when the valve 
.spindle is j-aised the lighter oil enters tlie cylinder fir.st. In the 
horizontal Deutz engines, an open-type ^fuel valve is used for tar oils. 
In this case the ignition oil is adihitted to a small passage'., ahuigside 
the main ])a.s.sagc,,lmt comniuuieatin." with die latter iimnediat'Jy 
behind the fli«ne-j)late. During the compre.s.si0n stroke the igiiitioii 
oil is A'a2)orized, and the vapour driven liack into the main [lassage. 
At of the .stroke the valve sjnndh' is liffed, and tlu' 

contents of the. pa.ssage driven Juto die combustion .sjiaec. By this 
means the ignition-oil vapour outers the cylinder first, ain^ igiiite's, 
followed by the tar-oil and air. *, ’o • 

The fuel pum^is employed for the siqijily of, oil to the fuel-vahe 
chamber are of the ordinary plunger ty])e, and arc generufly o[terated 
from eccentrics, mounti'd eidicr on the eainshalt or the intermediate 
shaft.* The (puiytity of oil, dt']^■ercd is controlled by ,th(' governor, 
which operates iqxm tlie ptmiii suction valve liy holding it open 
during a certain jieriod pf the delivery .stroke. This system of 
coiitrol fias answered admirably, and i«.now almo.st univer.sally 
adopted for Diesel engiiie.s. ^ , - . 
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The * Miivl6es Slow-speed Type. -pie yngine illustrated 
ill fig. 179 is Jimdo liy j\les.sr,s. .’Mirrlees, Bic^erton, Day,^of 
• StockjKU't, 'luul in one ol'^tlie iiiost.siKrc.ssful engines of its' type on 
tlie market. It is rated lit 50 liorsv-pTnver when running at. a spei'd 
of 'Jod R.l’.M. 'In neiiefal construction it conforms to w«'iat might 
he des(;v;l)ed as the ae,f-e|)t(‘d Die.sel prai^iice, tliat is to 'say, the 
. standards and thtt'main hofA' of the eyliuders are all* (;ast in one 


jtieei'. forming a very rigid A frame. The cylmder-liead is a separate 
casting, and is perfectly Hat on the inside. The fuel valve is 
mviuiited /tentrally in the cylinder-head, with the exhaust and inlft 
v'alves oiif either side of ii The camshaft is carried on brackets 
attached to the A f)vime,*and on a l(!tVl \tith the cylinder-head, and 
all the valves are operated directly from it by means of shoiY rocker 
arm.s! All this has now bi‘eome .Uandard practice, both in this 
country' mid on the Continent. As a design it was originated by the 
, .Maschinfri Fabrik, Augsbui'g. and has been followed by practically 
everv maker of stationary four-cycle Diesel ej|gines, though just 
recently the horizontal four-cycle Diesel has put in un appearance, 
and it is very po.ssililc that this design will make considerable 



headway foi' stationary work. 

The nieijjanical features of this yngine arc very well illustrated 
in the sectional drawings, figs. 180 ai^d 181. The bedplate is a 
'fairly simple iron casting, and pills ^for no particular comment. 
The, c.raiikshaft is carrieil in large white-nietal-lincd bearings, and 
‘each is provided with two ring lubfieators, dipping into large troughs 
bciK'ath Diem. A ]y,rge inspe-ctioii <loor is pi’ovided over each 
bearing, so f^luit the ritj'gh c,an VeAdil’y be inspected. Tt will be 
noticed ‘Lhal” the spiral gearing»driving ^he camshaft is fitted in the 


' miildle.ofyine of the niain bearings, an arrangement that makes for 
great rigidity and sih-ncf. ‘TheDiigh-jiressure air compressVir for flic 
lilast-yiir is mounted'oi^ the .yime bedplate, and diiven from a small 




VoL. J 
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overliiing crank, shrunk or ]jresscd on to the main sliaft. The A 
frame has a very wide spread to ensure rigidity, and is amply ribbed 
below the cylinder line]-. 'I'ho latter is pressed in from tlie top, and 



LSO Miirloun Kiigin(‘ 


is guided l)Oth midway and at*tho l)ottt)m by nie.ins of inteinal 
flanges 'bored out to j'ce^ive it. The lowei*(‘.nd of the lincr*is made 
watertight by^m.eans of aj'ifbbeiving Jet into a groove, in accordance 
with the usual tjas-ehgiue ])racS(".\ 
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The liner itself is u perfectly plain ^symmetrical casting. Great 
care is taken to avoid distortion, and after rough machining it is 
left to stand for some considcralile time, in order to allow any 
deformation due to casting stresses .to take place before it is finally 



Kig 181 . — .'iGU. r. Kiigiiio 

niJicliiiicd and ground out dcuid to size, '.rhis i.s, of cou^st.*, ii matter ** 
of trtie utmost im|iortaiU'«' ii^ irngjijc elrijiloying a o.omprossioti 
pressure of alToiit 4()0 Ih. jhm* st|ua.ro iiicli,’ and defai^iding entirelv . 
upon the (.*ompr(‘ssion for llie ignition of the fuel. In« order Jo 
f^revenl any distortion tin*, li^ier due lo tlu‘ aiigutar*tfirust -of 
the tamncetiiig-vod, it is supported thy t!rtvfriyiie a1# a# jioint sliglitly 
above the centre of travel of tlie gurtgeon-^ui/wheft tlie mjixiryum • 


> • 
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thrust occurs. The connecting-rod (fig. 182) is of the ordinary 
marine type, but the bearing “brasses” arc stamped from mild 
.steel. 

I’lie piston (fig. 1 83) is of cast iron, and is formed of two parts. 



The lower, or cross-head, jxntiuii is made a vtuy close fit in the 
linei. and is .slightly i-elieved at the .sides to prevent biw<ling. dm? 
to' the distSntion .set up by* tin* gudgj;on-])in bo.s.-c,s. 'I’he u])per 
]»ortion, which carries the four j»iston-riiigs, is'nuxle (|uite i^,lof)sc 
fit in the lin'er t<i ]ieiniit of free expansion. The to]i pi.ston-ring 
is fitted a considerable distance below «the top of 
the ])i.ston, ,'U ordi.'V to protet-t it Ironi the veiy 
high Itniiperatures to which tin* ]hston is snb- 
jeete(). and so prevent it. fi'oin* lieconiing stuck 
fast'in its gi’oove with carbonized Infiricating oil. 
The cylinder-head (fig.‘l84) is a jilaiii iron ea.st- 
ing. water-jacketi-d. and betred f»ut to rectuve 'the 
lour valves — ^e\ha^st, inlet, fuel, and starting. 
1‘iaeh A'alve is pi'ovided with a .se])arate detach- 
able cage. .‘*) thar it •eav naulily he withdrawn 
tor .ins])eetioii or cleaning. Jl will be noticed 
that the exhan.st, fuvh and inlet x’alves are fitted 
Kijr. iKJ.-Mirri<<‘ j,, ., aci'o.ss tlu* toi' of llic cvlindef- head. 

EllgllU' Piston ‘I * •Till, 

T’his con.struetion ap]>pats to be u^avoldable, hut 
if is decjdedlv ohjta tionfible. for* two rea.'^ns; 

. T. It^ is* not possibW" to^ w{i^er-jaek(*.t« tlio head Ixd-w^eii tho 
valv€*s; con.ser^u^^'utly a^^'ide belt of unjacketed metal, just 

at ,the •'point of heat* flc»\v, which must, set up severe 
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stresses in the casting, and 
is liable, in larger engines, 
to (*ause fracture. 

2. Neither the inlet nor 
the exliaust valve* can be 
made of adequate size to 
ensure tlie best volumetric 


etticieney. ^ 

It is not at a]] easy to 


see how eitli^- of tlie^e 
ol)jectional>le leaturt‘s can 
b? avohled without a r.‘uli(‘al 
alteration of- th(‘ deHioii;, 
and it must be reineinbertMl 


that iiJb a l)i(\se] enginjJ it ^ 
is of spec*ijjl iniportaiiec to 



keep the (‘ornl)ustion cham- 
ber as cotiipact as possible, 
in ordei* that tlje fuel, as it 
issues fi*o/ii the fuel valve, 
shall be distributed qm 
thi'or#liout the ^^diole. In 
this eonnection’ the shape 
of the tdj) of the ])istnii 
should be noted. It is 
made cu])-shaj)ed, with a 
slight projectioif in the 

centre against which tin* 

'■ • 

fuel im|^)inges and is spread 
ouf horizontally. The sur- 
fac(‘ temperature of this 
projecting part is so Jiigh 
that the fuel will not rea^lil}* 
adhere to it, as it would to 
the cool walls of the cylin- 
der •if it im})inged ujio^i 
them. In ordef to facilitapt(* 
tin' removal of the valves 
t?he rocker arms are in;ld(* 
in two piec(js, bolted to- 
gether in such .a inanmu- tliat 



A • * * 

lil -MTl I’lcuis KiJgiiic C'jliuder-head 

•• 


tlicby %3an easily be Aiscoiincjted* 
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The inlet and exhaust valves 
(fig. 185) themselves call for no 
particular comment. Botli are 
of steel, and arc provided with 
an ample radius ‘under the head. 

'.riie fuel valve is shown iu 
detail in lii*. 18G. The valve 


Fig. 185.- 3Iirilccs«i)ngiiu* Inlt t autl Kxlianst V:il\es 


its(4f coKsh;ts*of a ])laiu 
spindle * pj ovided \n itli 
a (i.aiieal seating, ami, 
held against its seating 
by means of a ver\ 
stiff* sjiring. Iinme- 

diatelv surrouvidino' tlie 

./ 

valve spiiidle is a liglit 
sjeeve, which also rests 
on ta con(‘(l .^ojiting, hut 
the seating^ in this case 
is* fluted in order to‘ 
permit- of the •passage. ‘ 
cjt* fuel ajid air past it. 
Above ‘the T-^eating ani 
a number of per- 


fnn^ited* discs illiroijgji « 



Pig. 186 . — Mirrlrcs Kiigine Fwl Valve 
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which the fuel and air are driven. The fuel is delivered to tlie 
valve-chamber above these discs, and* is driven through them by 
the highly compressed blast air when the valve is opened. The 
fuel valve, unlike the exhaust or^ inlet, opens outwards, and is 
operated by a large diameter earn mounted on the camshaft. The 
valve is timed to open a few degrees before the top dead centre, 
and remains open duiing about 10 per cent of the stroke. 

The fuel pump is 
illustrated in fig. 187. 

It consists often ordi- 
nary plunger' pump, 
driveu.by an ccccrntric 
from the .camshaft. 

The inlet valve of thi.S; 
pump.is mechanically 
.operated, and is undoi' 
the control of the 
governor, which regu- 
lates the quantity of 
* fuel by (i'dlowing the 
inlet valve to close 
latci^or earlier in \lie 
delivery stroke. The 
pump delivers fuel to 
the fuel valve slightly 
before it is required, 
so that the jni'cise 
timing of the di'livery 
is of no consequence. 

Uvo delivery valves imk- liugiuo rmni. 

are fitted, one above 

the other, and bi'.tween %he two there is a union and lyanch pipe 
by means of which tlje fiuel ®nu b« returned to the fuel tanlif in 
order to stop tin; engine. It is elearly nq);;es.sary to provide two 
’valves, for, besides the incj-ea.sed reliability obtained thereby, the-, 
oil sis delivered against the blast -air ^res.s«re, and, unless a second 
valve were fitted above, the* bypa.ss, air would-be. jflriven back into 
the tank when the latter was opened. 

. Tltp high-pressure air-compressor^ is lyranged in 1»vo» stages,, in 
tamlem. The lower-pressure stag§ corflpresses th^ air to a pressure 
of about 100. lb. per .square? inch,V>r, saj, ^i?tht A|mosph»res,^ and ^ 
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cl(iliNX*r.s it to the inter -cooler, which 
*is bolted to one .side of tln^ A hame, 
and can be seen in section in fig. 181. 

/rh(' second stage draws air from 
the inter-coohn*, and e^mpj’esses it to 
a j))-c8sure of about 900 lb. per square 
inch, oi* a further eight times. From 
tlie high-pressure air- compressor the 
air j)a.sses into an after-cooler which is 
im^orpofated with tin' iji/.er-cooler, and 
from there to the .stoi-age bottles. 

The *valves used in the two^ stage?; 
of 'th^ * air-conipres.sor ar-c shown in 
figs. ]'88* and 181;; they consist of plain 
fiat steed discs, dil-liardeinxl and g,i‘0und. 

spj-ings oi any soit are u.^ed* excet)ti 
for th(‘ suction val\'e of the low-pres- 
sui‘e stage, and only a vei'v .sinall lift 
is permitted. The go\ t‘rnor is mounted 
on the vertical sliaft above tJie sthral * 
<Vears driving th(‘ cainsliaft. To ensure 
extreme sensitiveness, feall the wo^dving 
])arts are mounted on* l)a]l -lii'arings, 
and all the moving ])arts art^ enclosed 
in, a dust-proof casing. TJie goA crnor, 
in a, I)!e.sid engine, is only called ujion 


to <]j;termine the timing of tlje suction 



valM‘ of«»th(* fuel pump; 
const‘(.juent]\^; very little 
]K)wei- is required, and 
a compaiatively* smail] 
one can be (unjiloyed. 

‘ It is ])rovided with a 
lvvnd-adjuste<l “speeder” 
sjjring, by means of 
whicii the speed of tin'* 
(Uigim* can be A^aiied 
,ovei‘ a small range while 
•running. The governor 
and its attendant gear-* 
ing is shown in detai*! in 
fig. 190. . 



t 
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The leading dimensions of this engine are as follows: — 

Bore ... ... ... ... ... ... 12 in. 

Stroke... ... ... .... 18-25 in 

Piston area ... ... ... . .% ... 1181 sq. in. 

Swept volume* * ... ... ... ... 1 • J f)2 cu. ft. 

Speed ^ 250 R.P.M. 

Piston sliced ... ... . . ... ... 7()() ft. per minute. 

Maximum power ... ... ... 52 5 I5.T[I.P.» 

vip (brake mean pressm-e) . * ... 80 7 Ih- por.squaje inch. 

Compression ratic^ ... . .• ^ ...» ...18*1.^ 

Air standard\fliciency *... ()4;J05tp<^r ceilk , 

Diameter of valve f)orts ... ... V- * 8 00 in. 

• Lift 4)f valves ...• ... ...** ... • 0875 in. 

Etfeetive valv’^c ai-en ♦. J1 sip in. 

Ratio, piston area to c^11ective val\V area lO*?! : 1. 

Wei^llt of piston . . .• ... ... 804 J iV 

AVeioht of reeiproeaiiu'J part^ ... 530 11). 

• Weii^ht ^)f reei])rocating pfirts ]>er square • * 

inch of pisttin area .. ... ... 400 lb. 

Diameter of crank-pill ... ... ... 05 in. 

Width of crank -pin bearing . .. .. O'OO in. 

•' Prqjecbiil area of crank -pin Ixsiring ... 45 sq. in.^ 

Ratio, piston area to prqjecleii area of crank-^ 

pin beaiiiig^ • ...^ ... ... *. . 251:1. 

-BoPe of com] )ipssor cylinder, L.P. ... ... 5125 in. • 

Stroke of couqiressor cylinder, Ij.P ... 8‘5 in. 

Swept volume of compi*essur cylinder, L.P. 1T5 cu. in. 

Ratio, swept volume of cylinder t,o twite the 

swept volume of L P. compressor ... 5 0: 1. 

I'lio carves (i1g>. 191 and 192) show the fuel consumption, brake and 
iiidi(*ated thermal efliciene.y, and the mei'liaiiical (diici(^icy at various 
loa^s. TJie brake thei*ma] etiiciency can be measm-ed dijectly, and 
with a vmy bigli (h'giee of ac( l\ra(*y,* but the mechanical idlicieiicy is 
compiited from the indicator diagi*ams, which are liable' t<t an errpi- 
of at least 5 jier cent in tJie liors^-^DOW^r, and thei-efore i\early 20 pej* 
cent in the full-load mechanieal eHiciency. The.curv^i illustrated, 
hbvv’^evei', has been su]i{)lied by the makers, and represents the mean 
of a Jargt' number of testb, J:liat ij; .may be riigardjed as fairly 
accurate in this'V*.ase. Fi’Qm this curve it mfiy ])£ olJs'^iwed that on 
the normal full load of ot) B.H.P.* the brake thermal etti^ticiiey \% 
it8-2 per, cent, and tlie nr?chanical ptHcu}ncy»74 })er cent.* Tlie iinlf- 
cated. horse-povycr, as deduced froyi* the*lqdi(;i)itor dijxgrnms, is 71, 
and tlie indicated tliermnl efhcionqy ♦is 45 *cent« 
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It is iuterestiiig tu calculate the mechanical efficiency from the 
wtMght of the reciprocatino- parts and the area of the valves, and to 
see how this (‘.ornpares with the hgnrc given by the makers. The 


m 




0^0 


Pma^Q 



* 1 « . « 

Section tiiiiMigli (;<»veiiini uiid ( 'asin;; 


area througli tin* valves is 1 1 s<|. iif., and the ratio of piston to* 
valve area is as 1()'3:*1, vAiich ccuTf spends to a velocity of^ 


10 :1 X 7 i \() 


= leet J)er s(^cond. 


This is a.lK)ii*t thejnaj:'imumfV,‘*locity consistent w*ith a reasonably 
high. Volumeti'V' efficiicFcy, aiid, it indicates that with the valves 
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airaijged in the cyliiichn* covej- in this ‘maniier, it would >not be pos- 
siblo^to i)isto‘ii sp(M.‘d ol* 700 ft. per minute without a 



Fij;. U)2.— Oiirvi; showing liisulattMl Uiakc* Thonnul Elhcicnc}*at V’arAns 

II ■* ^ 

^ , » 

4bn)ii(lfJ)k‘ iiiciciisi' in 'ihe Huirl ^Inssus. A. high iulciS velocity -ns 
not •necessary In a Diesel engine .wing’ ftir-h^ast lajivtion, because 
the turbulence. re<]uire<l to ensun*, i»»pi(} ain\ ^oinpkte eonfliustion 
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is produced by the entry of the high-pressure blast-air. With 
this velocity the fluid or 2)uinping losses will be in the neighbour- 
hood of 3 '5 lb. i^er square inch. 

The inston friction in this case will be a2)proxiniately 9 ’2 lb. per 
square inch. 

Tlie bearing and other friction may be jJUt down as equivalent 
to nearly 3 '5 lb. 2)er square inch. 

The hightjjressure air-coraj3rcs.sur may be r(?garded as having 
a mecheuiicar cflic'iency of 85 2>er cent, and the indicated power 
absorbed iip compressing the air is equal to a 1110/11 j^ressure of 
aiiproximately 50 lb. .square inch, referred *'to the low-2)re.ssure 
cylinder and applied every Cevylutioi,. It is tluA-efore equal to S, 


mean jnessure of = 8 '5 lb. jxer'sqWre ine.li, wlien refenvd to 

^ « 

tlie main engine piscoii, or 10 lb. pei* square iiicli when tlie nieeliani- 
cal losses of tlie (*ompi;essor' are •taken into account. 

The total fluid and fri(*tion losses now l)ecoinc: - 


Fluid loss... ... ... .S*5 lb. per s<|uaiv im-li. 

.Piston friction f)-2 „ ,, ,r 

l?eaii»ig friction ... ... 3*5 „ 

Air compressor .. ... 10*0* „ „ „ 

• ■ — r * •' 


At Uie nornial load of 50 B.H.P. the brake mean 2)res.sur<,‘ is 77 lb. 
jier square “^ncli. 

• ^ Tlie indicated mean jirc-ssure is tSierefore 


77 -f- 2r)'3. = ]0.3'3 lb. per .square ii/l-li, 


and the mechanical efliciciu y 

77 


103-2 


« . 


74-5 per cent, 


which agree.s fairly W'ell with the. figitrc sftpjflied by the makers, and 
obtained from the indieator diagram.s. 

The mechanical eflicicncy ajipcars t» be somewhat lower than is 
usual in Dies.el ciigines df thjii .size, a.ii(^ the proportion of the p«wer 
absorbed by th3*air-compres.sor is above the averagi*. 

. At lialf-load the quantity of l^la.st-air required for the fuel injec- 
tion will be Considerably »red need,, but the Other .soure.es of ]o.ss wdll* 
remain practii^vlly unfUter/ltT, exdiqit the piston frietibn., which may 
lie ledufed by fibout* 10 «pel- edit, duo* to the lower fluid pres.sures. 
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Reference to the curve of iiiechanical efficiency shows that at a load of 

25 tlie mechanical efficiency is GO'D per cent. The brake mean 

pressure corresponding to tliis load 

is 85^*5 lb. per scpiare inch, and the 

. 1 100 X 88'5 

indK'ated mean pressure 

= GO’G lb. per square incli. The 
power absorbed in mechanical and 
fluid friction has ' therefore (Iropped 
'from 2G‘2 11). pe/ squ(u*(' inch to 
28 ‘0 lb. ipcr square* inch ; allowing 
'for 1 lb- pc]* square iiicli reduction 
in 4 )istoji.' friction,' tlic reduction hi 
tii'e blast-yir anioiyits to 1*8 lb. per 
square iiich. Such a deduction as 
this is interesting, ratlicj -'as a cln‘ck 
upon tlie a(*x*ura('y of the nioclianicar 
‘efficiency luirve than anything else. 
Th(‘ reduction in the })last-air is just 



LOAn 




H P CYLINDER 

blast press 920 LBO □ 
intercooler press 90 LBS 
Scale l'•500 lBS □ 




F\g. 103 , Fig. 11)4 

Mirrl(*es Engine. IndicHtor Diugrams 


what one would expect, and leads to the conclusion^ that the me- 
chanical effiidency, as deduced by ihe makers, must be very n(‘arly 
correct.^ In fig. L98 are sliowii a numbej' of indicator diagram.^, taken 
from the engine undei' various [pads; apd jii figi, 194, indicator 
diagrams taken from the two’ stages of tly. ))iast-^Jd* coinpfe§sov. 




Fig 195.-70-H P. Jil A.N. Eiigiiv 
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The Mirrlees Diesel engine just described is typical of the whole 
class of slow-running stationary Diesel engines, which arc built 
„„ npnn nu * •‘^izcs raugiiig from 8 to 

. iJOO B.H.P. per cylinder, by 
■ I * * a large number of manufac- 

\ , turers both in this country 

15 - xv and on the , Continent. The 

”■ 1 dc.'^ion was oi’ininallv evolved 

oJ ^ I ^ by tlu^ Muscliinen Pabrik 

\ Auffsbnro-Nliriil)cr.u', and lias 

j 5 ^ sil-co been followed by almost 

^ • ' ?».ll ibe otlicr laakcrs of tliis 

* ‘ (dass of engine, witli the i*esult 

i5- ^ ' tbal, t]i(‘ dtitfei en(*e between 

0 I tlie various makes is so bri lling 

• oJ I - 9 — J as to 1 k‘ dneonsiderable, and 

llio detailed description of 
35 ‘ one SLi(di example as tins will 

I \ . serve. 

‘ V p ,M ^ M.AtN. Engi:iT.e. 

15 - \ \ ^ — IJk', M.'isclnnen rahrik 

m I Aiigsbuj'g - Xurnbei’g - the 

oJ I * — J orig'imd makers of tlie Diesel 

* cngin(‘- now l)uild an enoi‘- 

j 5 p. ^ inous number of ^thesi* en- 

30 - i \ gines, of many dilL*rent types, 

2o_ \ \ * both four-eyele, two-(-)ole, 

•5- \®^^Overioad high-s])(HMlJoW'S])eed, N'lTtical 

I horizontal, 'riu* JNI.A.N. 

fJ ^ ^ vertical foiir-cyele irngines of 

*/ the low-s]H‘ed* fype resemble 

NIAAA * Alirrlei's (mgini^ just dj‘- 

1 \ • • •• • scribed inall essential leaturea, 

n.r. stage iUMiipiMiiMn- aiid it*is ]jot W'J^’th whili^ 1,0 

*20- \ • desmibe them in:» detail. 

•o- ( 1 . • . . , 

» 1 4 - » I ■ -- 1 ,, Ing. 11)5 i.s a tvjnciil cx- 

Fig. — M. A. K. Engine. Jniliefftor Oiagnnns UlUplc Of of th(^ .stiilK Ijll’d 

* * iy]ie.s built by tlii.s*fk-ra.. The 

Only important fi*ature.s*in which^thif# enj^ne <liHci’s Ifoin the oite 
last described are (l) in the^disiw.^jtioii*#f liie hi^li*- pressure air- 
coTupres.sor. Imthis case the coinpHCsloi’ is itiofinted 5^1 the 4 Ironic 


Overload 


n.r. Stag!’ 


Fig. lljp. — M.A.K. Engine. Tndieftor Ouigi 
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alongside the main cylinder,^ and is actuated by means of a rocking 
beam driven directly from the main piston, an arrangement which 
certainly makes for compactness. (2) The cylimier liner is sup- 
ported upon a flange situated sJiglitly below the top of the cylinder, 
in such fo manner that there is a free circulatioil of^water around it 
above this point; and the great thickness of uncooled metal, in- 
(?vi table Avhen the liner is carried in the ordinary manner, is thus 
avoided. TUis certainly seems a ^ry desirable feature, especially 
in -larj^e po'wers* \v'hen . the ^difficull^ of adequately cooling this 
important^ .part ^tjecomes a ^'ely serious one, owigg to the great 
thi(*kncss of the metal.*' / 

(.S) The -oap of tlie •colinepting-rod big-end* hearing i» foi-g?jd 
solid witli the rest of tlieVod, aitrl '^fUuwards parted off for assem- 
bling and aJjustineht: this construction is. expensive, but is cini- 
nentiy sound. As' in the Mirrlees cngjne, tjie three main vjiJves arc 
anviiiged***! a* row aejoss the l>ead, with the result that effectivtC 
biiea of the inlet an^ exhaust valves is restricted, and that there is a 
wide belt of uncooled metal right across this very vital fart of the 
cylind(‘r-head. The engine illustrated has two cylinders, each of 
flOO* mm. t)r^ll*;Tin. bore, and 4G0-mnj. or 18T-in. f^troke, and 
d<‘V(‘lops A) Ti.ll.P. wdiejj^ running at IJ^Q KJ\M., equivalent to 
a ])v^ton speed of only 57o ft. per minute. Tests on this engine 


liave yielded* the following 1 

lesults : 
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Tin 

• 

(Outstanding 

feature qf th(*s(‘ tests is 

the nmiarkably high 


uiechanic'al (^fliciency obtained*: ihv^ is f^l(Niply due to the unusually 
small amouu^ ,of power absorl)ed by the air-com])ressor. No sltijte- 
ment is mivi^ as to the nature of the» fuel used, but it is probable 
lliat it was spme'very light pil whicli Required little air for pulvfjriza- 
tion. A serias^of indi(?ator diagrams obt^iined duriiig this ^test are 
Jihown ii* ^ig. 196. From tiiis diagram it*wdll be observed that the 
cfmqiression* pressure employed i^‘ ajijwoxiftiately 500 lb. pea- square 
inch, and alsr^ tkat tl^ff adftlisvsi^uof fuel is irregular, ‘and takes T:)lace 
toc^lat^ in the/%troke.# ^lif tli<* lighter loads a certain proportion of 
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the fuel enters while the piston is passing over the top dead centre, 
but the main bulk of it is not admitted until so late in the stroke 
that it has the effect rather of producing a hump in the expansion 
curve than a flat top to the diagram.. It 'may be that this is due to 
the employment'of an insuflicient supply of blast-air. 

The following test figures were obtained from a M.A.N. Diesel 
engine having four cylinders, each 480-mm. or 1 8‘9-in. bore, 680-nim. 
or 26‘8-in. stroke, and developing 480 B.H.P. at 1 7b RyP.M. They 
are of consideiable interest, because during this test the fiJbl used 
was tar oil, whl^i has a high ignition Ipoint, and cbnaecjiiently requires 
a very high temperiture, and pfirticulaidy .finfe pUlverizatfon. In 
oRler tq ensure ignition it is.'usual to> admit a smajl, quantity of 
light crude oil ahead of,tlie by: oiP .This light oil Lnrns'hnmediately, 
and so raises the tempci;ature of^tlie air before tlrt* tar oil is admitted. 
In the, fest figures giv^n below% an ignition charge consisting of 
{jbout 10 -per cent of liglit gas oil was .admitted op the d,- and ^-load 
trials, but not on the full load, the high temperature of the* 
piston-head in this ca.se»rend(n‘ing the use of an ignition charge 
unnecessary. 
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Indicator 'diagi'ams taken dui-ing these trusts arc illustrated in 
fig- 197, find show veny liilr adjustment of tlie fuel valves, though 
eoyibustioii is sdniewlifit retarded fit find |-I()fid. 

A further series of tests tfikeii ftoni the same engine, hut using a 
different fuel, yielded the following results: - 
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In this second series of tests. %oth tjie wraker-and ii^dicated 
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7.— 1 >iagi!unN fioiii M.A.N. Eiiltiih' 


thermal efficir-jicies aj-(‘ lii^her On t]ir liglitm* loads. This may, of 
course, lx- due to the different J’uel emjdoyed, hut it is also ])robahly 
due to soi[ie 1 ‘xtent to the higher l,kst air })iessure emphjyed on the 
lighter load.^ Avlih'li will eej tain]y\ lend to inci‘('ase th<‘ a]jj)ar(^t 
iinli(!ated tjiermal (‘iHeieiiey. If, in «th(i last line, th(‘ iudicatecl 
h'Ors(‘-]) 0 \v(U* ^ah^orhed hy aii'-e(imj,)i‘(v";sor he deducted iVoiw the 
total indi(*at(xi power, trie indicated theimul (^theieneV tlaui heeomes 
40*4 peuv^mt, whi(‘h is much n(‘arer the true figure. 

<• Tabufatmg the rcisults of^the ^(xjojid test with the I.H.IL of the 
blast-air comtyc^sor fr^oi^i the total I.H.P. gives the follow- 
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B.H.P. 

I.H.P. 

M.E.P. 

Indicated Thermal 




Efficiency. 

500-7 

057-5 ... 

... 104 

43*5 per cent. 

480 

...... 648-6 

... 101 

... 42-8 


374 

518-4 ... 

82 • ... 

... 46 


370-2 

..*... . 516-3 ... 

... *82 

... 46-5- 


259-2 

401-7 ... 

G3-2 ... 

... 4f)G 

II 


Jt is, of course, necessary to deduct the indiedted .power of the 
air-compressdr before any idea* can bo obtained? ^is to th(» relative 
efficiency, or\ any just eonrparisCj(i* n\ade beftw^n the irldicateil 
thermal efficiencies pf Diesel and othei’ tyigpie» iif whicl* \;onipressed 
fwr is not adinit^cid to the cjrlinder (luting ^the expansion stroke. . 
Even though the indi^-ated pow-a-^of tlJ^jk-eonux-esso** be deducted, 
it is s’Vill not altogether fair to (foiupare the r(*,suks wi£li*thos(* obtained 
from (jtfier engines, but’thc; discrepancy is then (;omparatively small. 

In this, engine the air-stanflard effieienct*^ regarded as a. constant- 
volume (Migiiie is 05 por coiit, and the l■elativJL^*flSiuiellcy on half load * 
is, appr(ixiniat(‘ly, 72 j)e\* cent? 

Hotli tlie above sets of tests were very coinph^K.*, and W(‘re carried 
•out with ii liigTi d(‘grce of accuraiw. Data arc given as. to tht^lieat 
carri(‘(l away by the cooling- watiu* aftd cxliaust, diid also •tlio 
tcjnpci’ature of thif gases in th(‘- exhaust pi])e. These ligures hav(» 
been omitted hivausc* (1) the heat carrietl away liy th» eooling-Vater ^ 
contains large and indeteriniiuiti' p(‘r(*entag(j whieJi shbuld he 
debited to the oxliaust, and does not^ive an\" clue as»to^\l^e amount , 
of heat lost during ('ombustion.1uid expawsion; (2) tlm^fempei-atuj-e* 
of the exJiaust ^ases was ni(‘asur(‘d aftm* they had expand^l to 
atmospheric^ pnbssur(‘, and yielded up a eerfeain ju'oportion of tlnur 
heat to tlie ja,('ket-eooUng* watei*. Uene,e it gives no elue as to tin** 
real teAi])era.tnre of the gases in the (*ylinder at the* end of the*(*x- 
j)ansion stroke, Avliicli is the (duef fioint of interest aiyl iniportanca*. 

The American Sufzer.— The Bwseli-Sulzer engim‘,,illustiat(‘tj 
in fig. 1!)8, is an Aniyrief^n piyjlucSon, and is built by the Bu.?(*h- 
Sulzer Diesel Engine Coin])any of St. Ijouis, T.S.A. 'this engme 
•<nfters substantially from wdiat may be described fnTthe standTird •• 
Augsburg design, and is^ modelled i-atjier .upon, iho Westingliowise 
vertical gas-ei^gine. It js bflilt in four*siz«s, ratet^atVs, 120, 170, 
and 21^5 B.lI.B., thiee (fydinders •iteing us'icd in each caJt*. It i.s u 
• little (liffieult to undei^taiid why tliree. eylindevs .should 4iJi\'e buen 
adopted as th^ standard, for three-eyliiwk*r engines arc liable to con- 
siderable viliration, owing fti the large .ufOcxlane^Jl fore and aft 
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couple, which causes the whole engine to “ pitch ” unless exception- 
ally heavy foundations are prdvided to counteract this tendency. 
Dealing with the mechanical features, the crank -chamber is 



Fig. 108k — Sccti<!»na1 Vi'ew of Busch-Siil/.cr IJiesel Oil-iingine 

^ 1 c * I 


totally cnck)s(;d, and is hiade .separate frbiii the cylinder. *It is 
strengthened J)y mean.s o^vertiwd steel bolis, which, however, are 
not carried up to^ the top o:f the^ cylinder, and do not relieve the 
cylinder barrel f^;oin tlKj^direot teiJsile stresses. No separate cylinder 
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liner is employed, but in order to prevent distortion and stresses 
due to the uncqujil expansion of the inner and outer walls of the 
cylinder, the lower end of the water-jacket is left open. It is after- 
wards closed by a li^ht sealing ring, so that the inner and outer 
walls are free'to fixpand independently. The valves in this engine 
are not fitted in the cylinder-head but in a side pocket, as is usual 
in gas-engine practice. It has already l)cen pointed out that in a 
Diesel engine it is a matter of,great importance thatihe combustion 
chamber shall be as compact; and^ symmetrical ^s possible, in order 
that the pu\erized oil may 1)e tAioronghly dispfibut^l throughout 
the whole bulk of the air. This (!on.str«j^‘tfDn has ^hc advantage that 
^t do»inot interfci'c with the*eltic\pnljwAter-.cooling»»f the cylinder-' 
hea(]; but, 'on the other l!»u]^d,**t dodkh'htcrfcrS serjously with the 
efficient cooling of the cylinder* bariel in the* neighbourhood of the 
exhaust valves, and jqst at,a point where any distortion might lead 
I to excefssive piston friction, and po-ssibly to sfiaing of tlf^ piston. , 

Th(^ high-pressure aii -eompn'ssor is entirety independent of the 
main cft^ine. and is driten l)y either a separate motor or by belt. 

The follo\ying tests have been carried out by Dis. H. W. Harper 
and 1. R. Bailey, of tlu‘ rniversity of Texas, upon,a tlii-eev^ylytder 
225 B.Tl.P. engine iuiitiilUd at the flugo Ice and Lij^it Company, 
OkWioina, [bf^.A. Tlic high-J)re.ssure air-compressor in this ease 
was driven by an electric motor, supplied with current generated by 
the main engine, and the quantity of current used for this purpose 
has been deilucted from the total output. Thus tBe dos.ses.in the 
electric motor, as well as the f)owoi' alrsdrljcd by the fair-coinpres.srir, 
are del)ited against tlu*. main engine, which ds hardly fair.rf The 
author has'endeavouied tp eori'cct this a.s' far as po,ssible, on the^ 
assiiiujttion that the eftieieney of the motor is ap]>rvximately 85 i)er 
^ent. AVith this correction the rcjsuUs obtained are as follows:- - 
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Nt> iifdicator'cards were taken cluiing'flie 1;|ijst, a»d,uo attempt was 
made to asenrtaiii the mechanical fffiefenty* Tior aifc the (^Jmeasions# 

A • • • 
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of the cylinder given, so that it is not possible to analyse these 
results. Compared with European engines the .brake thermal effi- 
ciency is low, which is just wliat might be expected* as the result of 
the use of a pocket. The fuel iv^ed during this test was Oklahoma 
crude oil, which has a caloritic value of 18,980 B.T.U. per pound, 
and a specific gravity of only 0*8531: that., is to say, a very light 
oil and one requiring very little air for pulverization, and it is not, 
th(*refore, very easy to umlerstand w)jy so high a blast-air pressure 
Avas required. ' * . ^ t 

High-speed ‘Imagines.' — auxiliary purposes l)oard ship, 
and for stand-by ’’ 'piupqses, the. high-speed * type of four-cycle 
' Diesel engine in generally employed, because its fimt cost, bi^lk, and 
weight ai’f" alf'jo'vor. It isl *howev3r,‘ a. Jess cllieient engine, because 
the mechanical efiijpiehcy i:^ generally lower ondng to the weight of 
the reciprocating parts, and. also owing ^to tile fact that, in order to 
, ol)tain sulfaiently rapyl coinlaitftion. a greater (piantity of blast-air, 
must be (miployed. ‘ 3I()st of the makers of slow-speed' four-cycle 
engines Jiianufacture also the liigh-speed type, generally in Conipara- 
ti\’ely small sizes, and with a com])arative]y hngc nipnber of cylin- 
ders, oi’d^r t(» reduce th(‘ weight and l)ulk to the lowest ppssilde * 
limit. SuclA engines are also n>ed for llv.‘ propulsion of submarines, 
and for this purj)Ose either six or eight cylinders aife employeti. the 
‘power rjinging from 500 to 1000 15.11.P. per eiiginc. Two such 
engines an*^ usually fitted, driving twin screws. ‘ 

The lngh-s|K'ed type of Diesi*! engine is almost iiivarialdy built 
with a tota iV enclosed n-e/nkcase. and employs forced lubrication to 
all bkarings, under a, pimsure of from 50 to (>() Ib.^per square inch. 
The construction of the evlinders and cvlindcr-heads Ts tli(* same 
as in the low-speed type, hut east steel is fre({ueiitly used, both for 
the cylinder-heads and bodies, th'pugh the actual cylinder liners anp 
invariably c)f etr.rf iron. The; vahes ai.(* arran"c'd in a row ae-ross the 
(iylinder-h(Md, as in the slovJ-spced type, hut the fuel valve is, in 
some cases,. pha(!cd sliohtly nut Of <-w»tre, ‘In fv,dei' to allow of larger 
iiilcttand (ixha'^st vulvas, and to provide a e-ircmlation t)f water h^ 
‘‘tweeu them. , From a mechauieal poinUof view this is distinctly an* 
improvement, bn t'the distrilr,^\ion of/ujl throughout the combustion 
. space is not so tlforough hs wlicji tin; fuel vidve is eentVah Although 
thfse engines employ a comparatively high ht)tative .speed, the actual 
pifftou speed “is little or r«o highei; than in »the slow-running type. • 
Consequently tht rati^* of'Valva .firea to piston are*a .can remain 
. approxinfjately ^he saW. » The ^ti-oke^is generally very short, the 
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stroke-bore ratio being usually only about 1 '1 : 1. With a com- 
pression ratio of 13:1, this meiins that the depth of the compression 
space is less tha« one-tenth of the diameter, a proportion which is 
most unfavourable, both on the grounds* of the even distribution of 
the fuel and also of heat loss to the cylinder walls. A sliort .stroke 
is, however, a neces.sary evil, if the (iost and weight are to be 
reduced to the lowc.st liiuit. 

Apart from the question of rapid combustion, *it i.'* not possible 
to run a Diesel engine of the ordina, ry fonr-cyftle type a1> a high 
piston speed, ^ecause there i.s’nolj foom in the ,t‘.ylinder-h^ad for 
large enough valveg. I’he cylinder-heiid Jias* td fiecomhiodate no 
loss than four vajves. each with deta(;hable seating-'^ and it is no 
rasy intU'tur to .‘UM'nniijioclatc valxtg.'J, ukfli their p(n ts 

ami jTassages, in tiie very re.strmtaal spac'O available, ami at th(' same 
time git)vide for adeipfate water -eooliiig’. In pi*i(*tie(», tlie piston 
^speed isJimited to about 80f) ft; per jininifte, and eve» a^this speed 
it is almost impossible to obtain a voliimelfi# etiieiency of miiel> 
over 70«per cent. It is. cleai* that if larger .valves eould b(» fitted 
and a higher volnni(‘trir efih'iency obtained, higher mean prossuies 
•could ])e ^‘inployed without loss of eftiiutmcy; or, conversely^ the 
same mean pressun's could be lunployM w*ith lower infiiiimiim tem- 
peratures and ft* hi^'li(*r etliciencj'. * ^ 

Owing to "tJie high temperature mMM*ssaiy to fiwjduce a liigh 
mean pr(*«siire with a coin2)aratively low volumetric (efficiency, it is 
often found fhesirablc to co(j 1 the pistons even in r(*latt\^ely ^•^ma.ll 
engines. \Vater-(* 0 ()ling oT the® pistons is by no in^aTis»an ea.^^v* 
matter in any <#ngiiie. and is esp^yially (Hfficijlt in a higli-jj^ieed 
enclosed typi\ for tlie Avater must Ik*, sipiplied to the pistons at a 
very high pressure to enslin* against water-hammer; (‘onserpumtly, 
leakage^is almost unavoidable. Tu<i totally euedosed engine. l(‘Mteige 
of water is particularly objc(iU(-)na1>le, for it, of course, mixes with 
the lubrii'/atiiig oil, aud*seiiously impairs the lufiricatlpii of th (4 
bearings. To obviate, the^e difficulties ’and dangers, .(jil-eooling is 
sometimes emi)k)yed. Th(‘. lubricating oil is^ cireulated tJirough the 
prstoihs, ni', in .some eii.se.s, ajet of oil is directed figajh.st the under' 
sidt^of the piston-head. .The. oil then vctiuns ta the iTase-e.harabM’, 
and is e.irculated throngli a?i oil-coofci* of. large (Mipacity in order 
to remove tlie heat taken np from the* pi.'?ton.s. This arrangement 
.is sati.ifact6ry for coinp*iratively .small engines, hut owliitawy ' lulj^i- 
cating .oil is mjioor (-.onduetor o:^ l^eat, •mid carbonizes very readily, 
so that it is not suitable for Iflrge pfittons. 
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Deutz Horizontal Engine. — Messrs. The Gasmotoren- 
Fabrik Deutz, of Cologne, liave recently brought out a design of 
four-cycle engine which, in all essential features, resembles the 
horizontal gas-engines built by that firm. Several models of Diesel 
engines are produced by the Deutz Company, tanging from 12 to 
40 horse-power jier cylinder, and in all cases provision is made for. 
running on tar oils with the addition of a small quantity of ignition 
oil. The ai'can^cment of the valves and the shape of the combus- 
tion clumber are' identical with the usual gas-engine* construction, 

. 1 ; ** 



1 

llMb — l>i utz Hi>nzuiitul Fiiginc 


as .shown in the cro.ss-.scction, fig. lOO* ' The peculiar points about 
thr.i engine lie* in the fuel valve and the high-pressure aii'-.servicc. 
The fuel val\c is of the open* tv,y«“, and, as has alread}^ been 
^ex])lained^ the ignition oil is admitted t*o the. ]»a.s.sage behind the 
flaMic-plate quite early in tlieref»iq])i'es.sv)n stroke, where it vapor- 
iz*es^ the vapour jia.s.sing back into the main passage through a 
sifiall communicating jiort immediately at the liack of the fiaifieP 
plate. As .soon .a,s tlu', mqin air vylve opened, the ignitiqn-oil 
vapour enters t*he eylindef 'and is iirfmeijiately burnt at constant 
volume, thus causing u .Sudden it.se of prawure, up to about ’/oO lb. 
p*^!- .sqiv.iK* ijich, and a epiTe.y)onding rise <i)f tempiiratuie .sjifticient* 
to ignite the taiM)il. ^ ^ • 

Altljough l|iC ignition oil h? ^ireseSit in the cylinder, or at lea.st 
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in a passage communicating with the cylinder, throughout the 
compression stroke, ^et there is no danger from pre-ignition, because 
even if the vapour should find its -way into the cylinder-head before 
the end of the stroke, the quantity is*so small that it would not 
raise the pressure* of the air more than about 50 per cent, and 
could have no serious consequence. Tlie tar oil is delivered direct 
to the fuel-valve seating by means of a cam-operated pump, which 
is timed so that the stroke of the pump’ coincides wdtjl the opening 
of the noedfe-valve. The latter is placed at iRght angl(% to the 
spray passag^^ so that it caii b& Operated S^rtfet frpm the side 
shaft. The high-pnessure blast-air com^rassof is 'of the two-stage 
tftudenj^type : it, is niounte(.l.\ilon^sidc one pf the jijain bearings, 
and driven by means, of a yrank^in to the eial of^the main 

shaft. No air storage.is provide»l, but the high-pressure air passes 
direct^* from the .secoufl stage, of the compressor to the fuel j’alve. 
,The regalation of the blast-air, 'therqforiv, *takes,plaee*automatically, 
for the (juimtity dedivered per stroke remai)is fliie same at all load.'?, 
but the piossure > aries iu;coi'dflig to the quantity of tar oil delivered 
by the fuel pump. The greater the quantity of fuel the greater tlie 
•rcsistajice, through tlie fuel-valve and fiame-plate, and thereipvt', the 
greater the air pressure. ,h^or slartiftg, the ordinal’}* air-starfing 
vaJve is fitted, J*the necessary aiir bein^ stored in steel bottles at 
a pressure of ’about 175 lb. jicr square imh. Thfi'supply of air. 
for this purpose is taken from the inter-cooler fitted betw’een the 
high- and low-pressure stages of, the compiessoi'. .Tjie ^whole 
arrangement is extremely neat and well-designed.', *The intfU’-* 

cooler is made ij*oneentric w'ith the uir-conipijissor cylinder^ and 
ineorporate(> in the sanx; jacket. Independent tests carried out 
on a 20-hor.se-i)ower Dcufz*engine, using (Talieian gas oil of about* 
■ 18,500H.1'. U. per pound, yielded the following results: — 

FuAfJonHUinptiiHi E take* Thermal 

. ^Ibs. pen- ]5.H r. lioty). Efficiency. 

24 li.TT.]’ 0'4G • M BO pur cent. 

20-7 r....* o’ds.'i* :io 4 

S'f) ,, y o i • .^4 

No^urther particulars of.this test are available,. but in view of»fhe 
, fact that the maximum ]ji’ess?ire rose to*t)voi’75p Ilk jier square inch 
the th*ermal* efficiency is rtither disEppoliitidg. ^ 

. Doubfe-acting 1VLA.N. Engi^e.-rAt their Augsburg* wosks 
the. ALA.N. Oftmpauy have recentlv uiitk^rtakeii tlyi manufacture of 
double-acting /our-eyclc Die.snjl engVies,. liSwcrs to 5(J0. horse- 
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power per cylinder, the largest 
engines jDeing of the four- 
cylinder twin -tandem type, 
and developing about 2000 
V B.ILP. in 'tljis engine, of 
\ wljicli sections are shown in 
j figs. 200 and 201, the usual 
I gas-engine practices has been 
; followed throughout. The 
' mjly features/)! any special 
interest to be found in 
the (‘ondms^ion cham]>.‘TS. fn 
r this (*as,(^ the valves open into 
•w nearlv’i spherical [)Ockets, 

'S wliicfi together fony the 
^ whole of the goSiibustioi;^ 
-i space, for the clearance be- 
tween the piston and* cylinder 
I covers is i'(‘du(;(‘d to the lowest 
± ])ossible limit. Kacdi of these* 
(£ s^.‘j)ai;)it(‘ combustion chambers 

*J is prov ided* with an ^inde- 
I ])en(lent fuel valve. In this 
manner the })rol)hh)i of the 
^ iinsvinmetrical form of the 
I’ combustion chamber in a 
double-actiifg engine*, is to 
spn'u* extt*nt o\x*rcome. and . 

it. ^ . 

the piston-rod^is shielded from 
the dir(*ct blast of the Lurniug 
•/oil; but it must be remem- 
bered that from the point of 
•• vifew ftf efficiency each cylin- 
, der end must be regarded af^ 
^wo small s(*parat('> cylinders, 

^ l^*ach, how(ivej-, of a ^cry 
etiicientforni. Thjsisc(‘ftainly • 
a simph*. solution of the prob- 
lem, ljut it is one that seems* 
lil<(*ly to lead £o .trouble fVom 
<‘racke<l cylinders, because 
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the heat-flow to the metal surrounding the exhaust valve is more 
intense than at any^ other point in thfi cylinder, and if the same 
part be also used as a combustion chamber the rate of heat-flow 
may be so intcjise as to cause failure. Ih an}’ case it seems some- 
what undesirable to add to the rate of heat-flow in this seveiely 
stressed portion f»f the c^dinder. 

In the large expcrinnintal two-cycle double-acting engine built 
by Messrs. Krupp the combustion chamber is in *thc^form of an 
annular ring, and this is acc(»ini)lished by so formihg th(ipistt>n that 
the central portion almost toudifs tlle*cylinder cbv^ft'; but the* outer 
})ortion is cut aw ay .•leaving an annular ►space •beWcen flat piston 
ai/tl covfr. The fycl valves in.'this casc^ *. 
arc pi’obaTjly flttcvl tangentiayy ♦fl.onh'i'*. 
to produce a. slight jvhirling* iBotiou 
around, fliis chamber, abd so assist in 
l^e distribution of the fuel. The*pi.st(jii- ’ 
rod packing in the Augsburg double- 
acting en 4 »ine docs not cidl for*any par- 
ticular comment, for it is similar to that 
« 

flsed in gas-engine practice. 1 1 is obvious 
that tin; \'ery greatest attention must b5 
paid t^ this to insure against leakage, * 
and the danger which leakage involves i-'ig. 3 ji.— f'^unicr Uwtd 

in any l)itb;el engine. L'p to the present 

time only a very limited number o^ double-acting (‘ng'iijes liave 
been turned out by the AiigsbnTg works,* and they i:AySt ^<till la; “ 
regarded as beings in somew hat of ai^ exjierimental stage, althfjjigh 
a few such eifgiucs liaA’e recently been put into actual .service. Xo 
paitieulars aie available as to tests made on the.se engines. 

^ Doul*le-acting Die.sel engines have also been built expcriinentsdly 
by both Mesisrs. Krupp and *ke l^urubcrg branch (jf the iM.A.N.* 
(Annpany, but in bdlh ca.ses the tw’o-stit»ke cycle has been adopted. , 
Both these firms have, had lai^ge eng;ine.s, developing. about 20ft0 
^.Jl.l*. per cylinder, on the. test-beds for twp or three years, and 
great sec.rccy lias been maintiyni'd as to the results a^ieved. Thete * 
is, h®wc\'er, good reason tc> believe that «the.e.vpeitt>nents have be-ii 
.disajipoiutinjj. •'^I’he lai-gi; NiA’nlierg en^ue* was, almost completely 
wrecked, and a number oilmen killed afld fnjured by, it Is^said, an 
explosioii of oil vapour ii» the scavenge, air frunk. , • . * , 




CHAPTER XXX 

•^TWO-CYCLE DIESEL ENGINES 

■■ V, 

The two-cyeJe l)iese] engine ot' the slow-speed/stationary type 
has recently ht-en dev^doped for very large jowcrs. The limit of 
powei' compi^rcially. obtainable from the four-rtroke siiigle-actSug 
type has so far been abCni 250, to 3j/0 B.H.P. per cylinder. This 
limit is set by the thickness of metal in tin', cylinder walls and com- 
bustion head, llie thickness cannot Ijt increased l»eyond'^8\ certain 
point, Iwcause the dilfercnc(j of temperature between the intern 4 |,l 
and external walls ^f^he cylinder becomes so gi-eat that the stresses 
set up by unequal expansion neuttalize >any advantage." gained by 
further thickening of the walls. Also the tein[)crature of the inside 
surfaces bccoipes so high that there is gri'at diffi(;ulty iiwadi^quateiy 
lubricating tbe pistons^. The actual ..thickness of the walls is, of 
course, gov-erned by the^naximKnl abnormal* pitfssures, aq^l since 
these are tlfh’ same in all Diesel engines it follows that it is ])ro- 
portional to the diameter of the cylimlpr. In the case df two-cycle 
Die.sel c.ngjneB it is clear that pearly double the power can be obtained 
.from a giv^A size of cyliitder and, tlrerefore, from a given thickness of 
mt^al; but in this casp, owing to the greater nwnber of expansion 
strokes, the heat-How* is more rapid and- the temperature difference 
greater. In practice, therefore, other tl'ings being equal, the power 
olttainable from a single cylindw is not double that from a four-C3^cle 
engine, but is about GO per cent greater. There is, however, this 
advantag.e, which applie.s to many types of tvyo-cycle engines: the 
cylinder-head need not be pierced ip acwmipodate a large number of 
vaWes, and the refore .weakened structurally and imperfectly cooled, 
lii those two-cycle engines in which bottom -scavenging is employefl, 
it-is necessary t 0 «provkle only for the fipd vaP'e, and in mosUcases 
the air-starting vajves, "in *the cylindilr-he^d. Thesf are both small, 
valves, aAd do not weaken "the head or interfere with the cooling to 
a:iy serious degree. Heiipe tlje metal can l^e made somewhalithinnep, 
or conversely ajarger di^iifcterjcan be safely emplojfed for the«ame 
limiting thicks'gss of^ietah 
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While the ’ four-cycle Diesel engine has now settled down to a 
practically stereotyped design, the two-cy\;le engine is still very much 
in the experimental stage, and designers are by no means unanimous 
as to the best system of scavenging, whifch is the essential feature 
in all two-cycle engines. The problem of scavenging is, of course, 
very simple as compared with the gas-engine, because air alone is 
employed, and there is hot the same necessity for encouraging 
stratification and guarding against loss through the exj^aust ports. 
In some cases l;he scavenging air *s admitted through valves tin the 
(iylinder-hcad, ^n others through p?(its juncovefed,' by the pistf)n, 
either with or without a delaying valve, .and i» dthers again both 
by* inlet, valves in, the head a,pd ports, in, the lower jiarts of the 
cylinder. ^The latter sgems to Ijiff^inipfy.Si ‘blind •fitteiwpt to force 
air into the cylinder at any cdst.« • 

All ^tRings considerec>, it would appcjir that jbr large engines 
t^e best aystem is probably bottom scav^flging,^ with •the •addition 
of a delaying valve. This system has only reeewtly been applied to 
Diesel engines by Messrs., Bulzer Brothers, •of, Winterthur. It has 
the great advantage that it provides ample port area ; it leaves the 
(^linder-head free for the thorough circulation of the cooUng-wtjter, 
and does not weaken it structui-ally. ‘In ‘Jiddition to *he a^ox'fe, 
the. method of acaifengiug Avith^two opposed pistons* as in the 
Oecheltiauser ghs-engine, has been very strongly advocated" by 
Professor .l^unkers, in Germany, and has been adopted by several 
manufacturers for marine engines, and also by the. .^llgeniciue 
Elektricitats Gesellschaft, of BeiiMu, for stationary engAnJfe, ^though, 
the latter firm bighl only comparatively snuill eygines designed, to 
run at a high 'S{)eed. . • 

Sulzer Two-cycle HllJ^ne. — The engine illustrated in fig. 202 
Is built by Messrs. Sulzer Brothers^ of Winterthur, *and develops 
2400 B-H.P. when running {i.U a l^peed of 150 P.I^.M. In this 
engine, which is not of the latest type, scavenging is eft'ected through 
valves in the (iyliuder-ljyad^, and^ four.valVes arc employed. These 
valves are yoked together in pairs, and operated by means bf two 
racking levers. Owing to ^leTr great size, and t1u*A"ery rapid 
opening and closing which, is necessary i;i a ,two-(iyijle engine, they 
are, as might be!> expected,,^ son?ewhat noisy ia’operation.’ The com- 
bustion^iead is so arrangeeV that the idtef\’erting space between each 
valve is^cored out for ivatcr circulation, and the four .vaWe ^ort^ 
lead into a common chamber surrou’njlingithe head. ^ The fuel valve 
is fitted centrally in the cylitvder-lit'jid, and (iic aii^larting valve 
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between one pair of scavenge valves. Exhaust ports are provided 
all around the circumference of the liner, and the exhaust gases pass 
first into an annular chamber cast in the cylindeu casting. Thence 
they pass into the water-jfickcted exhaust pipes, of which a separate 
one is employed for each cylinder — a very desirable feature, especially 
in two-cycle engines, which are greatlj' affected by the pulsation set 
up in a common exhaust pipe. 

Between^ the exhau-st -poits the liner is coasiderably thickened, 
in ord(»i‘ to enabkf holes to l)e drilled through it parallel to the bore, 
foi- the cir<uilatb>n‘‘of coolink-.Avatfcr. The whole df the water is 
admitted 'iielow;' the ’exhaust belt, and passes upwards through these 
holes in tl^e^, liner, thus* ensuring* ..thorough epoling of the Imrs 
between the ’jwrts. ^ 

The upper pai t?- of esieh piston ‘is partitioned off‘, and water is 
circulated through it under a eon.sideiable pressure by Snpans of 
tele.scopfec pipes. ,*.»*** «• , 

‘ vFor the scaveugnig air, two separate punijts are jiiovided, each 
being doultle-acting, .and the admi.'^sion aitd delivery is* ftontrolled 
by a jtiston Aalve, ojierated from an eccentric, on the crankshttft. 
Th^‘ ^use iof niechaiiically ojxtrated delivery Aah es, ns ,in thft 
instance, w only applic.id.»lc to cngyics running at a constant 
.speed, in which the exhahst bach -pressure rehiakis approxhnately 
uniform. Evtni ,so, however, the valve setting canfx't be right for 
both full load and light load, though it is very doubtfeil whether 
'the exttjcgJe •variation' in load, in a constant-speed engine, is suffi- 
.‘•ient to justify the, use of autoin.-ftie valves, with the rtiduced artni 
ain^ greater resis^ance^ which^ tlnw offer. The ^ross-heads of the 
.scaveng(‘ puinjis are employed as ]»i.stou.s i’or tht^ low-pressure stage, 
of the blast -air puui])s, the, high .aiiTl* intermediate stages being 
ojU’rated b}' means of rocking levcu-s actuated Yrom the cross- 
"ncads. , * * • , 

* For the, lower-pre„ssiire stages of tin’ fflast-aif coinpn’ssor, Guter- 
mPuth valvc.'i are (unployedr '^he.SQ valves C(jn.sist of a spii-al of thin, 
hat^d pi ) 0 .sph or -bronze strip, the end of the ,spi)’al being biought 
out tangc ntTalfy and acting as a playt ffap- valve. By the us<? 6f 
tfdong spiral tl>6. bending »stres.s i.s di.stybuted throughout a^.arge 
area, and not^locajized* ar*any one jfoiul^ In the^e large engines., 
means ar% provided both *for c©ntrollinj» the quantity of blast-air 
ajid the timing and opgniug of the fuel •valves, according to th« 
load. For thisjjurpose a»balarjced throttle is fitter^ in the suction 
pijie ■o^the lotf‘*-presK^re^sfcage«*bf the*compre,ssor, which is actuated 
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directly from the governor. The control of the fuel valve is effected 
by shifting tlui position of ‘a system of levers. This requires an 
ap])ieciable amount of power, and would seriously handicap the 
sensitive action of the governor if operated directly from it. To 
“avoid this a small relay cylinder is used, actuated* by compressed 
air supplied from the low-pressure stage of the compressor. In 
other respects this engine calls for no ’particular comment, its 
mechanical features follow^ those of the usual four-cycle type. 

A 4000 ': nor§c- power Englhe. — The engine 'illustrated in 
fig. 203 has becn^ built by Messrs. Bfilzer Brothers, &nd represents 
probably the largc^st Diespl engine ever bui^t commercially. It 
develops 4000 B.H.B. wh^h ^•unuing.at a speed o^‘ 132 R.P.M., a»d 
has .six cyliidlcrs, pacli 7Ge-]/nu.* 3©.-in. bore, by 1000-mmrf’39‘4-iu. 
stroke. The piston speed at ndrmaj revolutions is 8GG ft. per m\nute. 
This engine differs /tom tlie one previously described, in that Imttoni 
scavenging^ is, employed, %and also, •althongB single-actingv separate^ 
itros.vheads are proi'h^xl, thus relieving the cylinder liner of all 
thrust, and materially reducing the piston friction, buf. at the 
expense of increased height, and, therefore, weight and cost. The 
cylinder -lieads contain only the fuel and air-startiiig vgilves, and? 
are, in* cf)n^,qilence, exti»eine»y simple castings. The arrangements 
for scavcngiiig are particuhiily intej’esting. *Tw<5 raw's of inlet peu'ts 
are pf-ovided, .oiie immediately above the other, the top of the ujiper 
row' of* jiorts being slightly above tlie exhaust, so tliafr they ai'C 
uncovered •fir.'ib and (dosed last. The lower .series of ports are in 
open 'commufciication with the aii»jnlet' manifold, but the uppe.r 
series are raa.sked by means of either a piston A'g,lve or a double- 
beat poppet v'alve, unjill the exhaust pcjrts have bean uncoA'ered 
and air commences to enter through tllfe»lower series of ports. As 
sooK as the Idwer series have .been uncovered th’e pi.stcrti A’alve 
mimasks the upper series. Air'tluyi, enters through both gets of 
norts, and^ continues to do .S£» until the upper se«t has been covered 
by .the pistop on its upward sj^roke. T^jis is a distinctly neat and 
th'orougiily* mechanical method of applying the delaying- valve prin- 
ciple. The pi.sfbns have plain concave top.s, and the incoming air 
is-given an Upwftrrl direction by the inclination of the ports, wdiich 
are so formed to pfcyecfflie air*ufwaids towards the cylinder- 
head. 

Tile. eSic^eiicy of this method of .s(iave>igiug is welf illystrated, 
by the fact that the engiiw; can 'normaHy. carry a *niean effective 
nressure of alRwT IQffiilbr i>er square -inch, with a pi,ston speed of 
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iir.vhieh they are matTe* a t'lo^e fit. For the ftiiter-johit ]>ct\\’een 
the liners and the exhaust "bolts a ju-e&s fit. with I'ed leai.l is relied 
upon. , ■' j .. . i < 

Tlij camshaft, it wUl be uptieejil, driven from the centre, 
which- is a fiesirable feiiture in a^ aiulti jc.ylinder eufyne of this size, 
for, even with only four C3dfliders,'*the ftceuibLilated *“ snriu^^’ of the 
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crank- and camshafts is considerable, and results in unequal timing 
of the cylinders at tlie free end of the camshaft. The fuel valves 
employed are very similar to those in the Mirrlecs engine already 
. described, and do not call for any particular comment, but it will 
be noticed that tlje pistons are very much hollowed in the centre, 
forminc; practically a hemispherical combustion chamber. 

The high-pressure blast-air for this engine is supplied from an 
entirely independent source. 

The c.utlior hfu^- been unable to* obtain any figures as to the 
actual results olitavped, but it seejns probable that the iiet efSciency 
will be sj^hiewhat low, gwbig to the small si//' of the scavenge 
. valves and tlie^ la]-g(' lluub iQSses wlii^li they entail. • 

Allgemeine Double-piston . Engine.— The exiginesiDuilt by 
the Allgemeine Eh^ktricitiits (ilescOlschaft, of llcrlin, arc particularly 

intere.‘_ting in that they re- 
piesent a definite d'q)arture 
from the more orthodox type. 
Tn g^^nei’al. they fobow the 
Junkers or (Jechelhauser pr’u- 
eiple. in which two pistons 
i'jg. L‘Oj.--n‘^,gram&froni ^ ^ 1*0 employed moving in op- 

„ [^ositc dir(‘6tia:is, and coupled 

^to cranks at ISO degrees to one another. One ])iston cont’*oIs the 
exhaust and the other the inlet ports, these*’ situated at 
opposite ejit^s of the cylinder. In order t of the use of 

hirgo inlet ijeuls, and also to keep th' tiitil (*onsiderably 

after, the exliaust points are closed, and .e(‘l a certain amount 

of supercharging, the tv*o pistons are , ^ jed to ei-ank i, placed at 

I Of) degrees to one another, s<) that the upper pistons controlling 
the exhaust ports have a })ermajne]it lead of 15 degrees over the 
lo'v^er ones, in piuelj the same manner as in the Duplex engine, 
(leseribed previously. , ^ 

TJianks to,.the very eflectSve, scavenging provided for, and to the 
super-charging, it is jjqssiblc to work with an exceptionally high 
mean efietdive pressure, and, at the same time, to run at a liighi* 
rotative speed. In ^ practice, mean pressure of about 140 lb. j)cr 
scpiare inch is employ expand' that at a ivitative speed of no less than 
450 R.P.M.v, in a two-cylinder engine of 250 B.H.P. The conlbina- 
tion, oi diiis remarkably high nn^an pressure aiuP liigh' speed of 
rotation has resulted in the p"oduct^on of an ^exceptionally light ajid 
compact ,engin^<\ Fig/‘205 tsho^^s'two typical diagrams from one 
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of these engines, one being taken with the indicator set 90 degrees 
out of phase. As^ might be expected, the mechanical efficiency is 
somewhat low, mowing to the high speed, and is said to be in 
the neighbourhood of 66 per cept. * Both* pistons arc cooled, 
the lower by nfeans of lubricating oil, which is fed to them from 
the ordinary lubricating system, and the upper by water, supplied 
through telescopic^ pipes. The long return connecting-rods each 
consist of two steel tubes, and are reiflarkably ligh^ The uj^per 
pistons are pfovided with cross-heads sliding in j^fuides^^con.^isting of 
slots formed in the cylinder walls. *, One^ interesHiil*' feature df these 
engines is that the pistons* are fitt(*d wibli u'ide*T)rt1J<s ItandS or rings 
jfrovided with a lyimla'r of oiL^rooves., Thesp rings to distri- 

bute the^ubvic^ftlt, and, b}' cio^efjihttjwgihe cylinder^ •thej» maintain 
the oil-tilm between tlje piston atid cylin^der walls at all times, and 
so prjiv*ent it being bibkeu down by the esca|\e*of gases pajit the, 
main pistoii-rings. 



CHAPTER XXXI 

’-MARINE* DIESEL ENGINES 

t 

Tlie piiipluvii.u'iTu, of tlie ])ie.sel cngino for tLe propulsion of 
sliips, juul espoi'icilly of (‘M'go vessels, lias many obvious iidvap- 
lages. ^ , j ' 1 

1. The coiisuuiptkm of fuel is •ipj^roxiiuately oiK'-foui'tli tliat of 
a steam vessel u.^iiig (‘oal. C'oiisequently, :for a giv en length of 
voyage only oi'e-quarier Ox'' the weight (If fui'l need be (•arriv'd; nlso,^ 
the fuel, being' liquu', can be stored in tlie doul'ile bottom, and the 
eargo capacity inereasi-d in eonsequeiH-e. 

*2. Although in this country the eosi of fuel oil is so high that 
the actual cost of fin*! is little or no lower than that of steam- 
engines usiirg coal, the i:)iesrl-engined boat has, by reason of its 
low fuel consumjition, a very large* vailius of aefion*, which enables 
it to take its supply of fuel oil at places where il can be obrdiK'd at 
a low ])Mco. and for this reason the economy is very inarkwl. 

3. The sjiiree occupied by the engine is less than that of the 
'enginiiis aim ^boilers of a steam-bo, ‘g; hence the caiTying cajiacity 
and earning power are ineieased. 

4. Although the engines tlieinselves at ]»resent require more 

"careful supervision than steam-engines, ho liremen are reijuired. atnl 
the total engineering stall’ can be reduced. ' ' 

~ . . j* 

• 5. With the further development of the Diesel engine, tli,ere is 
every rea.son to'hcqie for a considerable .saving in weight over the 
•Steam plant. At the pre.seiit. time, how<*ve.r, this saving is small, 
because 'ihe'^ maruie Die.sel engines now built have lieen .somewhat 
expefimental, and ver\' much heavier than is necessary, in order To* 
secuire reliability Of operation. There i's little doubt, however, ^i^iat 
the po.s.sibilities of weight induction ai'e gr(*ater in the Die.sel than 
ill the .steam-engine. • , t . ^ 

G. in the Diesel engine jilant there is le.ss risk of tire, which 
is an important con.sideratu n in The ca.se of oil-taiik ve.ssel.s and 
other vqs.sels cVyying/'inflaniniavile c.m'go. 
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These advantages are at present oflf-set by * 

1. The'grt^ater initial cost of the Diesel engine plant; there is, 
however, every rewison to suppose that this will be redueed consider- 
ably when the marine Diesel engine has become more standardized. 

2. The marftie •Diesel engine has not the same ability for* 
manoeuvring as the st(‘am-cngine, and cannot be run at the very 
low speeds necessai^" when (*.oming alongside a dock. 

3. The Diesel engine has not, as yet, l^en able to sl|C)\v anythftig 

like the consif?tent relial)ility of tfle stcain-engine.*. , * • . 

Of these disadvantages none but 'the last*,tij*c V(ir^ •i^enous. 
Reliability of operatfon. is, obviously, a ]1|yrjflnonnt *wecessity in any 
marine T^.r 4 »ine, amt it is in thil? dire^-ticji tliat .nearly aiU the Diesel- 
drivei* vessels at presmit hart^ biorc ^)f** tes*s failcSi. jflje /anse?i of 
failure i\i:e various, but^are mainly ditc io 

1. •t^ini'ked cylinderJieadg. 

2. Cracked pisUiiis. 

3. Trouble with piston-copling, involvin* failure of the w*atiU‘ 
(*ir(Milation, oj- h^akage. 

4. A i r-(‘OJUpressoi' t roubles. 

5. KaiTure of exhaust valves. 


.Of th(*se, ill# titst four are ctmimon to both tlig t\y)- and four- 
(‘ycle tyi^e, sdiile the fifth is ])e(*.uliar to the foui^^wycle, anti no 
corresponding troubli^ has been traceil to the exhaust port^. 

Crack(Ml (‘.ylindef-heads liave been of inoie freipu^nt* occurrence 
witli two than with four-cycle temgines; •but this is *a.^ mig^it b e 1 
expected, foi* thg. majority of two-itycle engin(\s now 111 o|)eraJiioii 
on shipboardi liav(‘. four s(‘aveaige valves in eju h cylinder-head. *This 
means six valves in all, w4iit4i involves a com])licated castijig, thus ‘ 
greatly "I’lnlucing the strength of t^e cylimhu'-head and interfewng 
with th(‘ water cirimlation. * 

Piston troublei^«liave* bem* all too.fuejpumt, an?l aiv generally^ 
traceable to a tein])orar\i failuje yf tlie water circulation or# to 
exci'ssivti iiKTUstation wnth salts from the water. Jndirect* trouble 


*1nts also ()ccurr(‘d from the same souivudue to thV [ealfage of wfiter, , 


im*st 
m 


esiJ^dayy w hen telescopic [Tipes are cynployial. , Thest^ pipes nw 
necessarily be fitted in suchVi position*4luiJ:*anY leakage fi’om the 
is lialTIc to*tind its way^into the^eVank-phi and interfei^^ wnth the 
• ]ubri(iation*of tlfe b(‘ari^,ijs generally. It is understood tkat^cve/al 
failures of beifriiigs at#sea have/lu'cn ^Jire(*.tly attributable to this 
(*ause. Water-cooling^of pisipons luli al\vavs i^en ^^mve of trouble 
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aiid anxiety in all large iuternal-combustioii engines, and is espe- 
cially objectionable in vertical engines, in which it is difficult to 
prevent the leakage from reaching the crank-pit,, while it is often 
impossible to stop and repack the glands for long periods. In some 
‘ cases oil-cooling has been employed in preference vo water-cooling. 
This certainly eliminates the danger of leakage, but, as already 
pointed out, ordinary lubricating oil is A poor conductor of heat, 
and it is a difficult matter to, withdraw tlie heat from the pistons, 
in the ,^rsc instance, and from tEe oil afterwards. ‘ 

Air-compressor troubles arc luote' or less common to all Diesel 
engines.. '7 he ccMiipression.'of air to a pi'essure pf 900 lb. per square 
inch or more is always a 'difficult operation, involving consideraVle 
risk., botli from leakage apd ’froiii the high teinjieratures pro- 
duced. The latter is liable^to c^nsf* carbonization of the oil and 
sticking of the valves, and is al.“o a souic-.e of real dan^oi' from 
explosion,. owing to the ignition of thel lubricating oil in the highly, 
Jieatyd and compre.sstHj air. i’his is guarded against by curtailing 
th'e lubrication of tin? c«*r.ipre.ssor as far. as ])o.ssible, and by fre- 
quently Mowing out the air-storag(! bottles to drain oflF any oil 
which ma}\havc accumulated. It is eaiaie.stly to be hopcfl that the* 
advances vv^iich have*, rtceiudy been made in the production of 
mechanical fgel-pulverizers' will render the Jiir-t-'onqire.ssor, wfth .all 
its attendant ,, troubles, unnece.ssary. 

At the pre.sont time both two- and four-cycle engine.s' are being 
employed^, and it is worthy of note that, up to the jiresent, the 
vfour-cyc.le 'ciigine has met with tlie greater measure of success. 
The^relative advantages of the two types have qlready been dis- 
cusse'd. In .spite of the' greater succe.ss of ..the four-cycls type, there 
* seems to be little doubt that the tw'o-cycle is best adapted for 
marine work, on the .score of iJie gi eater power obtainable from* 
a -given size aiid weight of engine, .a^id also owing to the flower 
^peed at which Ywo-cyclc e»ig.ines can "be run with advantage. The 
absence of exhaust valves and ^the simjffieity of reversing are both 
stibng points in,, favour of the two-cyc.lc type. The poor success ^ 
„of the two-cyele' nifirine engine is jifobably to be attributed rathbi' 
to -the faulty'app]j«;ation, of this cycle fhay'^to any disability ot/the 
c*ycle itself. 

One of^ the 'results of the i-daptation -.jf the Diesel engine to 
mfiyine'* practice* has been that the trunk .piston of the osdinary • 
single-acting type is now Vpplaced'^ by a pistpn-rod aild^ cross-head. 
This change witja^^no dd«bt, prigitiffily brought about by the desire 



MAI^INE DIESEL ENGINES 


473 


of the makers to conform as far as possible to steam-engine praclice, 
and so mticipate and avoid the prejudice which marine engineers 
would have ag^nSt the trunk piston. The change has been alto- 
gether desirable, for not only has the use ®f «an external cross-head 
improved the meehanical efficiency and reduced the wear on tlfb 
liner, but it also enables the piston to be made with a considerable 
amount of clearance, «ftid thereby eliminates risk of seizure due 
to deformation. So successful has ^hc use of an bxtcynal cross-4iead 
been fouiid»that it has now*))een adopted, 4j|i nraiity «asQs, for 
stationary engines also. **’,*• * ,* 

Another result ^f the^idaptation of), the IXies'lJ eugiireib marine 
woi’k has been the developmjsnt of the'qjieu type of engine in pre- 
ference *to the» enclosed crankeasd vl^tlt •forced, lubneation. , This 
change, which has also beeii^na^le Co^meet tlic pvejhdic^ of marine 
engi^ftrs, lias been m*>st undesirable, and has ]\‘d to trouble with 

^ bearings of a kind Chat ?ii'.ldom, or ‘iwn-er, occurs in. stiit'idnary 
engines, and it iS worthy of notf^ tliat .ibvst of tin?. suciSessfui 
Diesel-gugine iustallatians oa board ship hii.ve had enclosed crtfnk- 
cases and forced lubrication, in defiance of the steam-engineers’ 

• prejudices. * * . • 

Burmeister & Wain Enginei — Credit for h’av;«g the”eater- 
jn'isfi first to kist&ll ft Diesel .angine in a large fjCft-going vessel is 
probaljly du^ to Messrs. Bumndster & Wain, of Goj)en.hageb, who 
both built and engined the SeJaiidia, a vessel of about 4WGd tons, 
in 1912. This ves’sel is equipjjcd with two eight-cylindvr four-cyclc 
Diesel engines, driving tfi'in .screws,* ai;d •developing *iio0.ag'grcg|it« 
•horse-power. J'he ad^•ent of the Sehindia Avas soon followc^d b}’ 

*a number «f other vcss»els built t)y the same firm, of which the 
Targe-st is the Fionia, of ^>219 tons, and e(piip])ed with two six'* 
cylinder engfnes, developing collectively 4000 I.II.P. An illus-' 
tratipu of one of the •Fionici’n 5ugincs is given in fig. 20G. -The 
diameter of C 3 dinders i.s*29'2*iu., the fstnoke 43'5 in!, and the uormj,il 
speed 100 R.P.M. ^Unlike most^, of'the marine IJic.sel engines, 
Messrs. Burmeister & Wain employ a totally; eucfosdll crilnk- 

• chamber, with forced lubrication to all the main bearfiigs. Sefiaratc, 
cr^s-lfeads are employed for the. pistrvns, s^s is qdw u.s’ual in me^ine- 
engiue practice, and it js noticeable 'that .very little eftbrt has been 
mad5 to reduce the height of the-arngine. 'I’he piston#? are cooled' 
with pil from the lubveating system. The valves afc oft fiperjfted 
fuom .a singte horizoytal camshaft c^jj-ried alon^ the top of the 
base-chamtier, just Ifelow the fo94; of tho’^jylin^leVs. AJL valves. 




Burmeister & AVaiii Engiu^ 
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including tlic fuel valves, open inwaids, tlie latter being a some- 
what unwual arrangement in a Diesel engine, but Messrs. Bur- 
ineister & Wain^hSve employed this type of fuel valve for some 
vears. 

The constructicjfi of the exhaust \alves is somewhat unusual.* 
Both the head and st('ni are of steel, l)ut for the seating itself 
an annular ring of east •iron is employed. It is claimed that by 
adopting this constVuction the valves wilj remain light for a loi\ger 
period without requiring grindftlg-iu, while the danger ff t^he head 
ainl stem parting company iS ^’edu(;ed.^ The .'anvshaft is centrally 
driven by means a lomg train* of .‘^.)ur-w])L'e|s connecting the 
cumik-^and camshafts.* This^has been'* found considerably more 
relialde than gearing, ^and* i.-? uridohbledly ' ’an excellent 

arj'an^ement, providecl thiit* Ihe’whtels *are suHiciefltly accurately 
machij|<^l and spaced |,o ensure silent funning, which is no easy 
probhun., Keversing fs etfected .by slidang tlie. camshaft - botlily 
along. T5. acconqjlish this a comiiles,s(>d-air servo-motor is- cm- ■ 
ployed, ^driven by air supj>li«ed from the, iiitcmncdiate-stage com- 
pres.sors. Before sliding the camshaft it is m-cessaiy first to 
•raise all Jhe A-alvcs, an o])cration w’hich is cairied out automatic- 
ally. ^ ^ 1 

. 'IMk- high-pii‘.ss«rc iTla.-'t air supplied from two .sources. The 
two lT)Wi])res!^irc stages of the compressors are driven* by auxiliary 
Diesel engines, bv means of vhich the air is comprc.ssed to a pressure* 
of :300 lb. per S(|n)ti’(!. inch, ajid delivered to largo ,s(f'rage tanks, 
'rheiicc it is distributed for (ij)i‘ratii*jg ce,rtaiji anxiliai'y njaciiineryj 
and also for .starting ;ind manceuM’ing the main cjigin'es. For the 
high-pressui*! air a .''inalj single-stage conrincssor is iitted tt* the 
f(5i-ward end of the niain*«igine. This punq) draws air from the» 
• main sl*t)ragc Tanks at a pressure, of dUO Ib. per square- inch,^and 
(telivi^rs it to small ste#l air^l^ottles at a pressure of about 900. Jb. 
])er s(|uarc inch. •• 'I'lu* reiilaining inechanieal details of these 
engines do nut call for ayy particular eonnnent. 'Phe (-'onstruction 
throughout is exeeptifuially ' mas.slve. and it is ee'jdo-nt that 
*«i-eliability of operation has been the pi-imary object, andjthat^^ 
vvejjjht and cost ha\o been regarded as purely swondary ypn- 

.siderations. 

The fonowing test tjgures hfv* .leen kindly Sujipljed by the 
, makers \rtio st'atc thaj: they were obtained from* thi'fVB bliflerent 
vcgselfi at seaK — ' 
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M.S. Siam (t\vx> 8-cylinder engines, 23 2 in. X 31 ’6 in.) ^ 
*Port Engine. Starboard Engine. ' \ 


123n 

1514 




8dT) 


123ff 

1527 

90-3. 


R.P.M 

LH.P. 

Collective LH.P... * ..T 

M.E.P. (pounds per square inch) 

Oil (pounds per LH.P. Lour) ... 

Calorific value of oil (B.T.U.s per 

pound) 

!|[pdicated thermal efficiency .^. 

. M.S? Pedro GJiristoffej'sen (two 8-cylinder engines, 19'7 in. 2G in. 

• •*' •*. ** 

« ‘ Port Jingine. Starboard Engine. 

R.P.JSf . t.T 145-4 .... 

1.H.P • ... 8S7-9 . .. 

Collective I.K.f * ■ V • 

jVUE.P. (pounds per ^piare iitcft) ,, 75-5 *• 

Oil (pounfls pei* LH.P. hour) ... #.. 

' Calorific value of oil^(B.V.U.s pt^^- • * 

pound) ■■■ — 

Indicated thermal efficiency •.* — • 


= 3041 

= 0-30 

= 17800 
= 47-6 % 

) 


145-:4 

S5l-(> 

7.2-4 


= 'i739-5 

= 0-^3 

e 

=-- l^SOO 
=y 44% 


M.S AnnSni ^'two 8-cylinder engines, 23‘2 in. X ;U-(j in.) 


Port Engine 
137-4 
1750-7 


B.P.M 

LH.P. ... • 

Coffc^tive PH.Pt — 

S.E.P. (pounds i>er si^uare in8h) ^ 93 

Oil (pounds per l.H.P. hour) .. © — 

Calorific valuPof oil (B.T.U.s ]»cr 

pound)* * *. . . ... — 

Indicated thermal efficiency . . — 


StariToard Engine 
139 
1773*9 


JJ3 




= 352 1-() 
— O-A-lf 
= ftsoo 

= •43-8 % 


IiiTliciitor *cliagram.s taken froiurtlie M.S. Slrnn engines during 
the above test are shown in fig. 207. It will ]je noticed that th€ 
maximum pressure riscif considerably alioi^e the (!()in 2 ipe.ssion pres- 
sure in all cases, and it is no doubt to Ylris fact that tlie very high 
efticisney of tliTs engine is largely to be attriliuteJ. Tlib mean 
effective pressure in each instaiicfe U, Jow for a four-cycle engine, 
l^ut this has eviftently beeiul^3pt as low as Is coMinercially possible, 
with ^ view to reducing tint ris^ks from lujat Jj^tress in the cylinder- 
heSds arid ^stonjf and to protect the exhaust valves. 

TSie mech&niSkl ^efficiency ,of the 'Siams engines is stated to be 
85- per cent, •butHhis ^jgur^ includes ^bnky’* the Ipss in tin; Ujjjh- 
pi*essure stages (jf the^^JJast^=^ir compressors. It is^ nevertheless, 
a very high figure, but quite? a'^mssible one in engines of this size, 
using s‘fepaifate cross-heads, and running at ^ piston speed q£ only 
650 ft. per minute. If tlip.^ powei' absorbeij by th^ low-pressure 
stages of the btssl-air,6ompiiess<Vs'*be taken itffco account, the over- 
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fill m^chamcfil efficiency •then be«o«Teff 75 per cent; b^t this, of 
• course, jnefudes all the Ipsses in the auxiliary Diesel ei^iif^^rfriviJlg 
th& coinpressofs. If tl^e conipreSSors ypre driven directly by the 
main engines it is p(^bablc«thaf ^le pieclJfyieal j^iciency. would 
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thou be iibont 78 ]>ci' ocut, ami tho hrako tlioinial eftic-ifucy 37 per 
cent, which is a remarkably bigh ligure. 

Werkspoor Marine Engine. — The Workspoor engine, macle- 



f»y the Nederlai ilsche. Faljlil: of Amklei 'bun, is aiiother exaiuplc, 
of a surerssfui four-(T<-I<‘, hiaiiif(‘ engine’.' This (‘Ugiiie, which is 
shown’ui iig../2(i8. (UH’ers from most others in that the usual hoiivy 
cast-iron frames are re])]i,'( '. ,l by. Fight steel columns^ and diag&nal 
tie-rods , are eiV,Tloyed to give mic neecssar>' ^rigidity; The engine 
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upper pajt of the liners are cast in one piece, an arrangement wliich 
obviate.ythe great thickness of iincoolcd nu^ta] at the point where 
the liner comes irfto contJict with the (cylinder Jiead ; but it is ojicn 
to the objection that the metal most s4iitMbic for l^ic ('vlinder-Lend 



‘i which will how frcM'ly in i1k‘ niui.M ;.^id will nyt !)• 

subjec't to swere coiilnu'ti^ni strcs.-^c's) ImsMiot iiecc.ssarily the Ix*.- 
wearlng (Qualities, and ; therefor:# >jnay nut be \'ery syitable as 
cy limber finer/ " " * V* ' 

•• The higlf-pressure/ ^lir-tioinjjt^issorji hire driven from the cro^ 
Ji»adf5. The low-pi^.Asiire j^tagd iji ejitn-ey^^ iiK?ei]«ndent, but t 
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intermediate and Li<*li -pressure stages arc in tandem, t In most 
respects the engine follows the usual Diesel practice, buVthe ex- 
treme a(*cessil)ility of the pistons and the metlfb(^ of driving the 
camshafts l)y mVans of-dirc^rt cranks in place of gearing are both 
Very attractive features, while the geneial constriu:tioii of the engine 
is such tliat it should l)e considerably lighter than most other 
marine Diesel ei^gines. AVerkspoor engines have now been in 

successful ^^pccatioli in a nuinbc/ of boats, and are rei) 0 ]?ted to have 
given ex^iclIB'iA r(*sj.dts. •• • ^ ^ 

The- '^edcrlanilsclte Fiibrih •lrave*a*lso Imilt a most interesting' 
jiair of (♦iTgtnes fo':*a»*sin^ll putch gunboftt. Tb(‘sc (uigines, whicli 
are illustrated in fios. 211 jfiid 212, hM\'c inclined cylinders, and ai« 
said to be.t^xci^edingly light for tTic^.ppyj;r dcveJo 2 )ed*asriiideed they 
appear to be. ‘ ^ 

Sulzer Two«-cycle Marine Enginfer — Of lln^ tw&^cycle 
marine enj^inci^ the Sulzei*^ Diesel has iTcoii ilrobably the iiKist suc- 
c.essfii; duj'ing the Iasi Ij^'W yeai^. One of these (Engines, ttevelojnng 
about 850 to 1000 ho 4 'se-p#wer, lias been iitted hi the motor-ship 
Mnati P('nrtIo, and u^^ to th(>i time of writing lias run with great 
regularity.^ ^TKis engine, which is illustrated in tigs. 21*3 and 214, has 
four cyiindei^, each 18 *5411. kore by 2(V8-in. stroke, and develops 
850 B.ll.P. at a^ sliced of t50 RliJ\l., correspolidifig to a jiiston 
speed 1/f 07.5 ft,^jer minute. To develop 850 B.ll.P. at thi^t sjieeil, 
and with tluvse cylinder dimensions, requires a biake nican^jiressure' 
of no Icfes^tkaii 79 lb. square inch; and, since the mechanical 
f*tliciency. (‘a.inot be higlier tha*n alj^ut 72 p(‘r cent, the indicated 
mean jiressure must be ap 2 )roxiniatcly 110 lb. p^r square inch. 
This is an extremely liigji figui(‘ for a two-^-y(!le«efjgine,»and proves' 
diat the system of jjort or bottom seaxenging employed can be 
reasonably efficient. Alorcover, the marked success xvhidi this 
engine has acliicved shows that a plain combustion chaiiil)ei-, free ' 
fyom latge xalves, (‘.an safely# withstand high iifpan qwessures. 

mechanical details (ff this engine# aic pj’actically identical 
xvitfi "those -ftf tliQ, 4000-B.ll.P. stationary Diesel ab’eacly described, 
^and tCie same*systeni of scav-i^nging— with two i‘ows of inlet jDorts 
^ind n delaying vaV"? —is adojited. The^f)ejformaiice of this enghie 
s< decidedly interesting, becniise it shews that if bottom or port 
. .‘avenging 4)e employed, and 'l»e(cc.Tectly designed, it is possible to 
Ijtjjin {fs much as double the ])ower from a two-cycle as f^’om a 
-lur-cycle engine of given cylnidcr dimensions and sjieed. Anotkor 
aturc of this engine is that, i\ comn.on widi^the Burmeister & 
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\ enanes, an enclosed crankUhamber isA employed with foPfced 
'\'lplicati^. it is contrary to mlarine.engiml practice, but in both 
iPfs rt appears tft have been jiistified by 1 entire immunity frojtn 
foible with bearings, an immunity which hUs iiot^been shared. by 
lev types of.mfyh’e Di<'sel endines. \ ’ 

I Another excellent feature of thKs engine isithat all lour cylinders 
'Le open hat sides, a»d are bo\ltcd togcth|er to form one single 









' Fig. -Jl F— SuUor Msuiu^ ,hiignK- 

block, tlms eusu'ri-ns risl.W v' • c-ost-L„ o.T 

„.li.o.<,l from temioi. ky .or.oS ot V,,g oU-\ col(,,,o,. »„r,o,r,.g .1 

w tbimiKh tb« oyliuaor.l,oad«, wbicl, lok.-tlo. part,ol l 

te.filc "tress, oral tliiis ollmV of cousoVviiJJ^; t|,o m-lgtil 

”* *fe.SK, in an ofi|im-’of 011}%^*"'“ 

.kkrv rfnd as’far £ts tlie fuel valves ai o concelfe.i ft* effrfUd. 

h!'.‘tlm’caM Uy rotatbjgT tU.'V«»*oft 

is-accomptisW l«4rai'.'ly jwsiragjtlm? ooiliira-ls 
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the ('I'uuk.shftft find tho cfinisliiift [jy spiral gearing. ThfS slit, 
foriiKid in two parts, with a t(‘lesc,pic joint or sleeve between ti 

tliat one half cfin he rfiised with the spiral geftr wi\ 

whje-h gives th? neeo.4«aiy votfiti',n. For the reversal of the 
staiting- valves two separate eiiijjf, are employed for each val 
and, since the eamsliid''t has no !o„o;itiKlinal movement, this chanj 
over is (‘fleeted l)y moving the roljer instead. Finally, the delayii 
valve re(|ni-es reversing, and tlijg j^ aeeomplished by means of 
simple ,ink gear Tlie whole a’j^.j.a]>g(.iii(*nt ap]M*ars at first sigh 
to he very eoin])licat( ‘d, but in prae.iee it is not so The piston! 
in this (‘iigiii'i are .w h‘r-eool“d joeans of t('lescopic pipes phu'ei 
within the crank ehamhdr, and iPose a])p.“retitlv haVe not giveu^ 
to any ti. table fioni hakti „ . 'I |n. f,-!,.] e(. iisumjttioi' of this 
engM(‘ is said to he. approxinri 0 jq h,. per B.H.l’.-hour wlnni 
running on fall lotid and driiio’y .‘n necessary auxiliaries The 
lieati'ig value of the fuel-oil is ojveti, so +hiit it is imt possible 
t(t make iin\ < jinpari '--tiK "w itli tlie four-cyeht types. 

The Carels E-ngine.— ti,,. Cards- Diesel engine has been 
employed in a nun'iher ot la motor vessels, ami is probably 
the most widely used of al | two-cyeh' marine. Diesel engines.* 
Tlih fdso is a single-acting .• ot.-s-head engine, but is of the open 
tyjie. In general, 'diis engin ^,ot dilter m .tedidly from the 

I0(a»-Ij. II,]'. .stiiuioi.'iary engii n. alreadv de.scrilieil. The priucipal 
, ililferenc'^s are , 

1. That till cyMnderv are fomu'd ,separat(‘ly from the A frames 
'o which they are l-iolted. 

' 2 . The .sciiveng e inmijis diivcu by rocker arni.'^ from th(? 

iiiiiin cross-heads, and are litted with foit'^tmatii- plat'i valves i^ 
(irefc-rence to ])ist on \-filves desirable feature, in that 

it facilitates revets -in, g. and i luces the Htiid losses when the engine 
is runtiing at low citeed.s. 

3. The ^‘paiate A bific .ji lutlted tc.gether at the base 

of tlie e.ylindeis, ^<liu.s grea incretising th(‘ rigidity of the engine 
its a whrde. ^ , ® 

/ • 

Reversing is j I'-eompli.s’ ,,,, jar'as the scavenge valve.sjirt 

ccncerned, Ity rai;^dirg or lo wering the vertic.-il slnift, and so rotating 
the eam.sliaft thre .igb a sn’ ailhiiugle rdative'tb the eranksnaft ' Th( 
fuel val . ?s fire t( .‘versed b‘ ,y .fins of two Cfims, and since the cam 
shfiiV lias no Ion gitiidiind Tov ‘m'‘nt, it is necessary'- to move Ui< 
rollers of the rr lek-er fii^i; ,s/dc\'**p’s in order *o bring them istt 
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' with t the second* set of cams. * A\ the rollers ate kept ‘in 
tion ^ separate horizontal shafts, which can be moved longi- 

(J m 1-1 /»• ./» ^•..-1 


idiiially in order to ^cluiiige over from one set of earns to the 
other. ’ • • 

From the sectional drawing.^ (fig. 215) it will be seen that flie 
lower ends of the cylinder liners are i^roVided with stuffing-glands, 
whose function it is to retain the lubricating oil. The lligh-pressuie 
blast-air compressor is dri^•en from the forward cuoss-head through 
the medium of a ro'cking b(*ah\ .'n the ,sa>iie manner as thc'scsivenge 
pn'yips. The cylinder (Umensions 'Olf the 1800-B.H.P. six-cylinder < 
Cards marine on^iiu‘, fitted iii jI large oil-ta«k vessed for the 
British Admiralty, are: ,T>ore, 600 jnni., or 23'6 in., with a sti’okc of 
^100 'mill., or 43'4 :u.,/and-the engine ri^ns no’l’inally at a s 2 )eod 
cif cor,respcuiding' to a piston speed ofc 7l6 ft. per 

niinuie. At the rated kxjd of ’,1800 B.lf.P. the brake mean pressure 
is .63'-lb. per scpiafe i;ieh, and if the mechanical efficiency be taken 
j^s 70 jieufcent, the indicated 'mean pressure is 90 lb. per squan* 
inch, '^riiis is a somewliiit low pre.ssure foi a Diesel engine, but 
i^s doubtless mjcessitali'd by the complicated form of tlie coml»ustion- 
chead and the extretiiel}' sevctc stres.ses set up iii it, due to tem- 
perature differences if liiglier ineaii pressures b(^ employed. 

» rii one A’esi*‘l, the J^firstoar. fitted with a four-cylinder Cards- 
] )ie.s(*,l engine of 800 ]ioi'se-])ower, nu’iui pressure.^ as liigli as I25 lb. 
per square inch ivere attempted, but it is reported that thesc^ high 
pressures led to great trouble with cracked combustiou-heada, and 
had to be reduced. This ^lartic.ular ’engine fay at *tlie low/s]tced 
ftf 90 E.P..M., .so that the heat' Iknc*, which , is in'arly propoytionak 
*to the .sj)ee(k yould not be very great irt tjus c.ase,»aiRl not I'nqarly 
*so great .iS in the 8ulzer «Dicscl cugins of the Monte Penolo. 

In the earlier rv])es of Carets marine engine^ cast steef was' 
employ ed fsr the combustion-hcails, and this, at first, whs {lerfectly 
satisfactory; but in the later engines small clacks developed 'in the 
combustion-lieiids, • 

‘ Cast iron is ;i^r employed, and has befn found satyfactory, but 
there is-.soine evidence to indicate tlu'it for very lange engines steel 
woiuld be preferable, on accouJit of ite gii'ater ten.sile strength,*' 
pro. ided , tluBt the initfal c.vstiiig stre.s.se.4 caidube removed -by 



provided with a wid^- flanges /.niablingj the wa, tor-cooling to be 
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calTied higher up, and thiis obviating tJie great’ thicki^ess of. un- 
eooled metal at the top of the liner. ^ 

The fuel consumption of tlie Carels engine is safd to be 
approximately 0'47 lb. per B.IT.P.-hour, of Admiralty fuel-oil 
having a calorific A'aliie of about ltS,;]00 B.T.U.s per pound, corre- 
sponding to a biake theruial etliciency of 29 7 per cent. 
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